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Abstract 
Oxides of Nitrogen (NOX) from diesel engines are a major source of air pollution 
globally. Some dual-fuel combustion modes in diesel engines have demonstrated the 
potential to both reduce engine NOX and increase efficiency. However, new engines that 
allow complete control of engine parameters have the opportunity to enable reactivity-
controlled compression ignition (RCCI) combustion which simultaneously limits the in-
cylinder production of NOX and soot emissions. Given their longevity, legacy diesel 
engines will continue to be used at older emissions levels. This body of work investigates 
conventional dual-fuel strategies and novel fuel pretreatment architectures to allow 
mitigation of NOX emissions from fixed calibration legacy diesel engines.  
This thesis presents an investigation of conventional and novel dual-fuel combustion 
strategies, to reduce engine out NOX emissions while maintaining thermal efficiencies 
using hydrous ethanol and diesel as fuel sources. Direct use of hydrous ethanol has been 
shown to significantly reduce the energy input during the bio ethanol production process, 
improving the life cycle energy balance and economics compared to currently produced 
anhydrous ethanol. In this work, a thorough experimental investigation was conducted to 
characterize the performance and emissions of conventional dual-fuel strategies such as 
fumigation and port fuel injection (PFI), and novel thermochemical recuperation strategies 
such as reformed exhaust gas recirculation (REGR) and integrated steam reforming (ISR). 
The operability range of REGR and ISR was experimentally explored to determine optimal 
operating conditions. 
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One of the primary findings of this work is that conventional dual-fuel strategies are 
shown to have little effect on NOX emissions until high fumigant energy fractions (FEF) 
are used where combustion instability leads to poor performance and high unburned 
hydrocarbon (UHC) emissions. Results indicate that UHCs facilitate the conversion of NO 
to NO2 during the expansion stroke of the engine causing lower NO emissions at the 
expense of higher NO2. This work is the first to numerically illustrate the effect of unburned 
ethanol on this NO to NO2 conversion. Therefore, retrofitting fixed calibration diesel 
engines with dual fuel strategies is not found to be an effective strategy for reducing NOX 
emissions, contrary to many literature claims.  
With the ability to control engine injection parameters, single fuel RCCI operation 
using an integrated REGR reactor partially reforming diesel fuel mixed with exhaust gases 
is demonstrated to significantly lower NOX emissions from a light duty diesel engine. This 
work is the first to experimentally demonstrate “single” fuel RCCI using a thermally 
integrated reforming reactor in a diesel engine. In these experiments, low reactivity 
reformate was introduced into the engine as part of the EGR system. Significantly 
advanced pilot and main injection were used to achieve RCCI operation with near zero 
levels of soot and NOX emissions. However, variability in local reformer equivalence ratios 
made REGR operation difficult to control where lean operation caused excessive reactor 
temperature and deactivating the catalyst, while running too rich led to poor conversion 
efficiency.  
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To overcome the disadvantages of PFI injection of hydrous ethanol while incorporating 
the benefits from REGR, an ISR reactor was constructed and demonstrated to reduce 
emissions while increasing the efficiency of fixed calibration dual-fuel engines. The ISR 
reactor effectively produced hydrogen and methane syngas using hydrous ethanol as the 
secondary fuel source and used exhaust heat to promote the endothermic reactions. At high 
load and FEF, thermochemical recuperation (TCR) was achieved, yielding greater than 
100% reforming efficiencies. When introduced to the engine, this generated syngas 
drastically reduced soot emissions, with minor benefits to NOX overall.  
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Chapter 1 Introduction 
1.1 Motivation 
Internal combustion (IC) engines have played a large role in enabling industrialized 
society due to their high reliability, low manufacturing cost, and high power density. 
However, their use comes with a high environmental cost, posing health risks through 
emissions of NOX, unburned hydrocarbons (UHC), and nano-scale particulate matter (PM). 
In addition, IC engine use forces anthropogenic climate change by converting fossil carbon 
to CO2 and methane. The most common IC engines are four-stroke spark ignition (SI), and 
compression ignition (CI) engines. CI engines can emit less CO2 due to their ability to 
operate at higher compression ratios, lower throttling losses, and leaner fuel to air ratios, 
leading to increased thermal efficiency compared to SI engines. However, CI engines 
suffer from high levels of engine out soot and NOX emissions. To date, after-treatment has 
been the most effective strategy for reducing emissions from diesel engines. Dual-fuel 
strategies such as fumigation and PFI where injection of a high volatility fuel is introduced 
upstream of the directly injected diesel fuel have been shown to yield lower soot and NOX 
emissions with no sacrifice to engine power and thermal efficiency [1–4], especially in 
cases where the diesel fuel injection calibration can be altered to optimize for dual-fuel 
operation. In addition, new techniques such as reformed exhaust gas recirculation (REGR) 
where a secondary fuel is catalytically reformed in the exhaust manifold using exhaust gas 
  2 
heat have been computationally and theoretically shown to further reduce NOX emissions 
[5–10].  
Anthropogenic, or human caused, air pollution is a major problem facing society. The 
2011 US EPA NOX report shows that transportation, mainly on-road and off-road vehicles 
accounts for approximately 58% of NOX production [11]. NOX is considered a criteria 
pollutant by the EPA and is detrimental to human health, causing respiratory inflammation 
and increasing health issues for those with asthma. Furthermore, NOX is a precursor to 
tropospheric or ground level ozone, which can damage the lungs and cause other 
respiratory issues. In addition, the 2015 Volkswagen emissions scandal has driven 
increased research efforts into identifying and optimizing NOX prevention strategies.   
The use of renewable, bio-derived fuels benefit society by mitigating dependence on 
fossil fuels, lowering greenhouse gas (GHG) emissions, and stimulating rural economies. 
Biomass-derived fuels such as ethanol can be produced from widely available crops such 
as corn and potatoes through various fermentation, distillation, and dehydration stages. 
Current ethanol production in the United States yields anhydrous (200 proof) ethanol with 
no water content. Water removal processes in ethanol refining require large amounts of 
input energy and therefore reduces the renewability of the resulting fuel. Direct hydrous 
ethanol use in engines can significantly improve the economics, renewability, and life cycle 
energy balance of bio-derived ethanol [12]. 
Dual-fuel operation with secondary fuels such as methanol, hydrogen, gasoline, and 
anhydrous ethanol have been investigated in previous studies [13–22]; however few studies 
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report performance over a range of ethanol proof. Although hydrous ethanol use in 
conventional SI and CI engines has been challenged by various issues such as excessive 
charge cooling and incomplete combustion due to increasing water content injected into 
the engine, dual-fuel approaches offer a new range of clean and efficient ways to utilize 
hydrous ethanol in IC engines. Studies on fumigation and PFI have shown differing results 
on the impact of hydrous ethanol use on NOX emissions. Low fumigant energy fraction 
(FEF) defined as the ratio of secondary fuel energy input to total fuel energy input on a 
lower heating value basis and no alteration to diesel injection timing showed reductions in 
NO but increases in NO2, while high FEF and early diesel injection timing resulted in lower 
NO and NO2 emissions [1,3,13]. In addition, it has been shown that at low FEF, unburned 
hydrocarbons are primarily responsible for converting NO to NO2, resulting in lower NO 
but higher NO2 emissions, and no change to overall NOX [3]. To overcome the 
shortcomings of conventional dual-fuel strategies, new methods must be investigated. 
Methods such as REGR and ISR have been numerically shown to reduce NOX emissions, 
perhaps due to inert gases present post reformation that act as diluents and lower peak 
cylinder temperatures, preventing NO formation [6,23,24].   
In this work, a detailed and comprehensive investigation on the effect of dual-fuel 
operation of CI engines using varying proofs of hydrous ethanol and diesel as the fuel 
options was conducted. Conventional dual-fuel methods such as fumigation and PFI are 
examined in addition to newer methods, REGR and ISR. In addition, detailed exhaust soot 
and gaseous species measurements coupled with high speed in-cylinder pressure data offer 
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insight into the combustion characteristics occurring within these dual-fuel operation 
regimes. 
1.2 Research Objectives 
The first objective of this study was to investigate the effect of hydrous ethanol 
fumigation on fixed calibration diesel engine performance and emissions. The engine was 
operated at eight operating modes ranging from high speed and load to idle operation with 
an aftermarket fumigation system providing up to 10% of the total fuel energy depending 
on intake manifold air pressures.  
The second objective of this study was to examine and improve the hydrous ethanol 
fuel delivery and control system using port-fuel injection (PFI) instead of fumigation. The 
main objective of the work was to improve diesel fuel energy replacement by hydrous 
ethanol through increasing the proof of the secondary fuel. The engine was operated at the 
same operating modes as the fumigation study with a novel heated PFI fuel rail, with 
hydrous ethanol providing up to 60% of total fuel energy. At each mode, injector pulse 
width was swept until engine knock limits were reached.  
The third objective of this work was to explore the operability regime of an on-board 
diesel REGR strategy. The engine was operated at various conditions while maintaining 
constant total diesel fuel flow. A custom exhaust manifold equipped with an interior 
reforming reactor coated with a commercial reforming catalyst allowed exhaust gases and 
supplemented diesel vapor to mix prior to entering the catalyst coated monolith sections. 
Complete control over engine operating parameters such as exhaust gas recirculation 
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(EGR) and main injection timing allowed the engine to achieve single fuel reactivity-
controlled compression ignition (RCCI) combustion with simultaneously low soot and 
NOX emissions using the reformate as the secondary, low reactivity fuel. 
The fourth objective of this work was to explore the operability regime of hydrous 
ethanol integrated steam reforming (ISR) strategy, where external heat is required to 
promote the endothermic steam reforming reactions. A diesel engine was operated at 
various operating modes with a custom thermochemical recuperation reforming reactor 
integrated into the exhaust manifold. Unburned hydrocarbons in the exhaust stream were 
oxidized in a coupled catalyst annulus section providing both sensible and chemical heat 
to the interior reforming catalyst section.  
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Chapter 2 Background 
2.1 NOX Formation Mechanisms  
NOX, consisting of nitric oxide (NO) and nitrogen dioxide (NO2) is an important air 
pollutant. Motor vehicles account for a large portion of NOX emissions, where combustion 
produces mainly NO, but also a small amount of NO2. The formation of NOX can occur in 
all types of combustion, and can be divided into four distinct formation mechanisms; the 
thermal, N2O, fuel, and prompt mechanisms [25–34]. 
2.1.1 Thermal NOX Formation (Zel’dovich Mechanism) 
Thermal NOX formation occurs when nitrogen (N2) reacts with oxygen (O2) at high 
temperatures. This process is exponentially dependent on temperature such that regions 
within the cylinder where local temperatures are greater than the average temperature give 
rise to a significant NOX production rates. Thermal NOX production is kinetically limited 
in engines so that residence time is an important factor, as the longer N2 and O2 have to 
react with each other at high temperatures drastically impacts the amount of NOX formed. 
In addition, turbulence and the amount of excess O2 present are also important to the 
kinetics behind thermal NOX formation. This complex process can be simplified to three 
governing equations, which together are commonly referred to as the Zel’dovich 
Mechanism [25–27]. 
𝑁2 + 𝑂 ↔ 𝑁𝑂 + 𝑁     (Eq. 1) 
𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂     (Eq. 2) 
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𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻     (Eq. 3) 
N2 molecules are bonded with a strong triple bond, which requires very high 
temperatures to break, meaning Eq. 1 determines the rate of thermal NOX formation. This 
source of NOX occurs at temperatures greater than 1400 K, with maximums around 1800 
K, making this mechanism very active during lean combustion where excess O2 reacts with 
the N2 present in the intake air stream.  
2.1.2 N2O Mechanism 
At sufficiently high pressures, the reaction between oxygen atoms and N2 can result in 
the formation of nitrous oxide (N2O). In the presence of free radicals such as oxygen and 
hydrogen atoms, N2O can be converted into NO through the following reactions [27,34–
37].  
𝑁2 + 𝑂 + 𝑀 ↔ 𝑁2𝑂 + 𝑀    (Eq. 4) 
𝑁2𝑂 + 𝑂 ↔ 2𝑁𝑂     (Eq. 5) 
𝑁2𝑂 + 𝑂 ↔ 𝑁2 + 𝑂2     (Eq. 6) 
𝑁2𝑂 + 𝐻 ↔ 𝑁2 + 𝑂𝐻    (Eq. 7) 
In addition, Polifke et al. have shown that the following N2O mechanism is also relevant 
for combustion at atmospheric pressure [38]. 
𝑁2𝑂 + 𝐻 ↔ 𝑁𝑂 + 𝑁𝐻    (Eq. 8) 
Due to the dependence on oxygen atoms, the N2O mechanism occurs more frequently in 
fuel-lean combustion, at temperatures below 1800 K where the Zel’dovich Mechanism is 
weaker [34]. 
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2.1.3 Fuel NOX Formation 
Oxidation of nitrogen containing fuels form NOX in a process known as fuel NOX 
formation. Diesel and gasoline fuels have little to no bound nitrogen and therefore produce 
very low amounts of NOX by this mechanism. Coal and oil on the other hand have much 
more bound nitrogen, making this process a major contributor to total NOX emissions.  
2.1.4 Prompt NOX Formation 
Prompt NOX formation is a process where radical hydrocarbons produced during 
combustion react with N2 in the intake air to form transitional compounds. These 
transitional compounds oxidize to form NOX. Equation 9 below is the primary reaction 
responsible for forming HCN, and it therefore the initiating step in the process. The 
transitional compound, HCN, is then converted to atomic nitrogen in Equation 10. At 
higher temperatures, Equation 11 also contributes to breaking down N2 bonds. The nitrogen 
atoms formed from these equations are then oxidized to NO. The prompt NOX formation 
process normally occurs at low temperatures during the beginning of combustion, and is 
therefore more dominant during fuel-rich conditions [25].  
𝐶𝐻 + 𝑁2 ↔ 𝐻𝐶𝑁 + 𝑁     (Eq. 9) 
𝐻𝐶𝑁 → 𝑁𝐶𝑂 → 𝑁𝐻 → 𝑁    (Eq. 10) 
𝐶 + 𝑁2 ↔ 𝐶𝑁 + 𝑁     (Eq. 11) 
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2.2 Dual-Fuel Compression Ignition Engine Operation 
Many dual-fuel strategies have been investigated for CI engines including fumigation 
and PFI. In each of the mentioned strategies, diesel is utilized as the primary fuel for engine 
operation. Dual-fuel strategies aim to reduce engine out emissions through addition of a 
secondary fuel to influence in-cylinder parameters such as pressure, temperature, and flame 
propagation speed. Various different secondary fuels have been documented in the 
literature such as hydrogen, gasoline, anhydrous ethanol, and natural gas [13,14,18–
20,39,40]. Each type of secondary fuel impacts in-cylinder parameters differently. For 
example, the addition of hydrogen retards charge ignition, but shortens combustion 
duration while ethanol delays ignition and combustion phasing resulting in increased 
unburned ethanol in the exhaust [13]. 
Fumigation is a strategy commonly used to retrofit engines for dual-fuel operation. The 
strategy involves introducing a secondary fuel in-line with the intake air prior to the intake 
manifold. Commonly, this is achieved through mounting fuel injectors in line with the flow 
of the intake charge. The air and fuel mixture travel through the intake manifold and into 
each cylinder where diesel fuel is directly injected prior to ignition. Because the secondary 
fuel injection occurs at a significant distance from the cylinder intake valves, injector 
timing is difficult to manage, and is commonly set to continuously fire to prevent mal-
distribution between the cylinders. In addition, the secondary fuel is premixed with intake 
air, so any overlap between exhaust valve closing (EVC) and intake valve opening (IVO) 
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events causes increased unburned fuel emissions as the secondary fuel is able to travel 
directly into the exhaust prior to EVC and ignition.  
Port fuel injection (PFI) is a different dual-fuel strategy which involves fitting an engine 
with a single fuel injector per engine cylinder. The outlet of each injector is positioned as 
close to each intake valve as possible. As such, PFI systems require precise control of 
injector pulse width and timing with respect to engine valve timing. Each injector is 
controlled to inject between exhaust valve opening (EVO) and EVC, when the intake valve 
is closed. The injected secondary fuel impinges on the hot intake valve, vaporizes and is 
subsequently drawn in with the intake air charge. Compared to fumigation, PFI uses less 
secondary fuel due to precise injection duration and timings. In addition, the secondary fuel 
is heated when in contact with the back of the hot intake valve, leading to more complete 
combustion and therefore less unburned fuel in engine emissions. However, PFI systems 
are difficult to implement on existing diesel engines due to the requirement to position fuel 
injectors near the port of each cylinder and often require extensive modifications to the 
intake manifold and/or engine block. 
In addition to fumigation and PFI, more advanced combustion strategies, known as 
premixed low temperature combustion (LTC) have been studied extensively in recent 
years, boasting simultaneous reductions in NOX and soot emissions. In partially premixed 
LTC strategies, the fuel-air charge is well mixed and highly diluted with exhaust gases, 
resulting in decreased peak combustion temperatures and fuel-rich zones, leading to 
simultaneously low NOX and soot emissions. Premixed LTC modes can achieve thermal 
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efficiencies close to conventional diesel operation but suffer from lower combustion 
efficiencies. However, thermodynamic cycle efficiencies are generally improved due to 
shorter combustion duration, lower heat loss, and higher specific heat ratios [41]. Various 
strategies have been studied to achieve premixed LTC, using different fuels. Fuels such as 
gasoline and ethanol that have high volatilities and high resistance to auto-ignition are used 
in the homogeneous charge compression ignition (HCCI) strategy where a homogeneous 
mixture of fuel and air is introduced into the cylinder during the intake stroke, similar to 
PFI [42]. On the contrary, fuels with low volatilities and higher propensity for auto-ignition 
such as diesel, are used in the partially premixed compression ignition (PPCI) strategy. 
Because it is difficult to achieve a fully premixed fuel and air charge with a low volatility 
and high Cetane number fuel such as diesel, PPCI is commonly achieved by adding 
increased amounts of cooled EGR and altering injection timings to promote and extend the 
mixing time of fuel and air.  HCCI and PPCI are single-fuel methods to achieve premixed 
LTC, and can only be used at light load in compression ignition engines due to the high 
reactivity (Cetane number) of diesel fuel [43].  
Reactivity-controlled compression ignition (RCCI) is a dual-fuel method used for 
achieving LTC that offers the most flexibility for controlling the combustion process and 
extending engine operating range [44–52]. RCCI is a dual-fuel PPCI approach that utilizes 
an early direct injection of a high reactivity fuel such as diesel into a well-mixed charge of 
air and a low reactivity fuel such as gasoline, hydrogen, or ethanol. Utilizing two fuels with 
differing reactivities enables precise management of the combustion process by creating 
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an optimal fuel reactivity distribution, which achieves high thermal efficiencies while 
simultaneously reducing NOX and soot emissions [52–57].  
Similar to fumigation and PFI, a practical disadvantage of RCCI is the requirement to 
carry two fuels on-board a vehicle, motivating the investigation of single fuel strategies for 
creating reactivity gradients in-cylinder. Real time additive injection is one way that has 
been shown to achieve single fuel RCCI, where a Cetane improver like 2-EHN can be 
added to the directly injected fuel, while injecting the stored low reactivity fuel into the 
intake [54,58–60]. Although real time additive mixing enables control over fuel reactivity, 
this strategy still requires the storage of two distinct fuels onboard a vehicle and dedicated 
control for mixing.  
Reforming diesel fuel to a mixture of hydrogen and carbon monoxide is another way 
to enable single fuel RCCI. In recent work, Chuahy and Kokjohn ran simulations for RCCI 
operation using diesel and diesel-fuel derived reformate using CFD and thermodynamic 
system models [61]. The study focused on reforming systems that exchange heat between 
fuel and exhaust to promote reforming before fumigation into the engine intake. They 
found that overall engine efficiency could be increased by as much as 8% using externally 
provided water and heat using a simplified reactor model that assumed thermodynamic 
equilibrium. However, for automotive applications, it is again not feasible to add a tank to 
carry water for reforming.  
Single fuel RCCI can also be attained through an alternative method, known as REGR 
by partially reforming a portion of the diesel fuel to a less reactive mixture using EGR 
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gases as reactants. REGR systems are advantageous for engine applications because the 
exhaust gases provide the necessary reactants (O2, H2O, and CO2) and sensible heat to drive 
reforming reactions. The REGR strategy enables the ability to chemically modify a fuel 
mixture to produce a reformate consisting of hydrogen, carbon monoxide, carbon dioxide, 
and water. This reformate can then be introduced into the engine via an existing EGR 
system and when coupled with control over direct injection timing, can reliably achieve 
single fuel RCCI operation [62].  
Fumigation and PFI strategies offer numerous benefits to engine operation. In addition 
to displacing fuel use, both strategies have been shown to have an impact on NO, HC, CO 
and NO2, depending on secondary fuel type and with no sacrifice to engine power output 
[1–3,13,22,39,63,64]. However, without any alterations to the engine control unit (ECU), 
these strategies often have little effect on NOX overall. In most cases, as NO decreases, 
NO2 increases at a similar rate. In other words, fumigation and PFI have no effect on the 
amount of NO produced; instead, hydrocarbons present in the expansion stroke promote 
the conversion of NO to NO2, causing the decrease in NO, but increase in NO2 [1–3,65]. 
On the contrary, Fang et al. have shown that advancing diesel injection timing results in 
lower NOX emissions when fumigating with hydrogen, gasoline, or ethanol [13]. In 
addition, dual-fuel RCCI modes boast decreased NOX and soot emissions but require 
extensive physical engine modifications in addition to control over the engine stock fuel 
injection calibration. Therefore, if dual-fuel strategies are to be implemented on fixed 
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calibration engines, new pretreatment strategies such as thermochemical recuperation 
(TCR) to enable fuel reforming must be investigated to achieve lower NOX emissions.  
2.3 Hydrous Ethanol Production 
The use of bio-derived fuels in IC engines has the potential to reduce their 
environmental impact. First generation biofuels such as biodiesel and ethanol are more 
renewable than fossil-based fuels and are produced in high volume in the U.S. For example, 
in 2011, approximately 40% of corn production in the U.S. was used for production of 
ethanol fuel [66]. Corn has inherent advantages over other energy crops such as sugar cane 
in part because it can be stored for a long time before being processed. The majority of 
corn derived ethanol fuel production in the U.S. is anhydrous (200 proof) ethanol with little 
to no water content, generically blended with gasoline and sold at U.S. pumping stations. 
While anhydrous ethanol plays a large role in today’s gas infrastructure, its production 
requires immense amounts of input energy, thereby reducing the renewability of the fuel. 
The production of hydrous ethanol can eliminate or reduce energy intensive operations 
involved in anhydrous ethanol production and reduce input energy requirements and 
increase fuel renewability. 
Ethanol from corn is produced in either a wet-mill or dry-mill process. The wet-mill 
process results in co-products such as corn oil, gluten feed, and starch in addition to ethanol 
while the dry-mill process results in CO2, ethanol and a protein rich product known as 
Dried Distiller’s Grains with Solubles (DDGS) [12,67]. In 2006, approximately 80% of 
corn ethanol plants in the United States were dry-mills while the other 20% were wet-mills 
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[68]. As the majority of corn ethanol plants in the U.S. are dry-mills, a simple process flow 
diagram of a dry-mill refinery is shown in Figure 1 [12].  
 
Figure 1: Corn ethanol dry-mill flow diagram [12] 
The corn is first removed from the cob, and soil and grit are removed using a sieve 
before being fed into the hammer mill where the kernels are is broken down to a fine 
powder. Water is then mixed into the crushed corn powder and heated to dissolve the starch 
in the liquefaction stage. In addition, an enzyme (α-amylase) is added to further break down 
the starch molecules into shorter chains such as dextrin, which increases the viscosity of 
the mixture. The mixture is then sent to a jet cooker where steam is added to sterilize the 
mixture. The sterilized dextrin mixture is then mixed with another enzyme (gluco-amylase) 
in the saccharification reactor to produce glucose. At this point in the process, the mixture 
contains no starch molecules. After saccharification, the mixture is sent to the fermentation 
tanks where yeast is added to convert glucose to ethanol and CO2. Because yeast has a 
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narrow range of operating temperatures, the mixture is kept at 32 C, requiring cooling for 
this exothermic reaction. In addition, the yeast cannot survive once the ethanol 
concentration reaches approximately 15% by mass. The resulting “beer” solution is then 
sent to the distillation reactor while the CO2 released during the reaction is sent to a 
scrubber. The distillation stage normally takes place in two separate stages; the beer 
column, and the stripping and rectification column. During the beer column stage, the 
“beer” solution is further concentrated from 15% to approximately 55% ethanol, and the 
solids are separated out at the bottom of this column with the excess water. The solid and 
water slurry is sent to a centrifuge where the DDGS drying process begins. The slurry is 
then sent through a dryer which dries the mixture to approximately 9% moisture to prevent 
rot. In the meantime, the ethanol is sent to the stripping and rectification column where the 
concentration is increased to approximately 91% ethanol, near the azeotrope point of 
ethanol. The azeotrope point of an ethanol water mixture is around 95% by mass ethanol. 
At this point, distillation is no longer able to produce a purer mixture [69]. In order to 
further increase the concentration of the ethanol mixture past the azeotrope, a molecular 
sieve is used which is able to separate the smaller water molecules from the larger ethanol 
molecules. The molecular sieve commonly consists of tiny zeolite beads with pore sizes in 
the range of 3-5 angstroms [12,67]. Once the zeolite beads are saturated with water, a fresh 
molecular sieve is installed, and the saturated sieve is back flushed with pure ethanol at 
low pressure and then recycled to the rectification column. 
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Overall, the entire ethanol refining process requires a large amount of input energy 
which reduces the renewability of the resulting fuel. The production cycle is near CO2 
neutral, as CO2 released during the fermentation and distillation stages is absorbed during 
plant growth, resulting in a closed process [70]. Saffy et al. have shown through AspenTech 
simulations that the distillation and dehydration stages account for approximately 46% of 
total energy requirements to increase the ethanol mixture from a “beer” solution (30 proof) 
to anhydrous ethanol (200 proof) [12,67]. A significant amount of input energy can 
therefore be saved by producing hydrous ethanol with concentrations below the azeotrope 
(< 190 proof), effectively eliminating the need for the dehydration stage and some 
distillation stages. 
2.4 Use of Hydrous Ethanol in Compression Ignition Engines 
The variability of fossil fuel costs, increased fuel independence, sustainability, and 
GHG emission reduction are all incentives for increasing the usage of ethanol as a fuel. 
Ethanol is not used as a diesel replacement fuel because of its inherent insufficient fuel 
lubricity, low Cetane number, and lack of miscibility in diesel fuel [16,71–74]. Diesel fuel 
can power the engine while at the same time providing lubrication to fuel injection 
components, which would otherwise deteriorate, affecting fuel metering and delivery. 
Ethanol’s low Cetane rating (<10) means that the ignition delay at conventional 
compression ratios would be too long, hindering compression ignition without major 
engine modifications [16]. Regardless of the issues, oxygenated fuels such as ethanol offer 
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the potential to reduce PM emissions in diesel exhaust and reduce dependence on imported 
petroleum. 
The use of anhydrous ethanol (200 proof) in both SI and CI engines is well documented 
in the literature [13,16,75,76]. However, there is much less published regarding the use of 
hydrous ethanol in CI engines. Hydrous ethanol with low water content can be easily 
utilized in SI engines without any major modifications to existing fuel supply systems. 
Researchers have investigated hydrous ethanol use in SI engines via direct injection and 
gasoline-ethanol fuel blends. Costa et al. have shown that 6.8% water by mass hydrous 
ethanol yields higher thermal efficiency, lower CO and HC emissions but higher NOX 
emissions than a fuel blend of 78% gasoline and 22% anhydrous ethanol in an SI engine 
[75]. In addition, Clemente et al. developed an SI engine fueled by 7% water by mass 
hydrous ethanol and showed increased peak torque and power compared to the same blend 
investigated by Costa [76]. Other studies have shown that hydrous ethanol with greater 
than 50% water content can mitigate NOX through intake charge cooling, lowering peak 
combustion temperatures in the diffusive flame [63,77].  
In addition to direct utilization of hydrous ethanol and fuel blending, fumigation is 
another method widely used to introduce a secondary fuel with direct injection of diesel 
fuel for CI engines. Chaplin et al. have shown that fumigation with 190 proof hydrous 
ethanol coupled with advanced diesel injection timing resulted in performance comparable 
to diesel only conditions at high loads, but lower at low loads [78]. Chen et al. showed that 
the addition of ethanol increased the ignition delay and maximum rate of pressure rise 
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significantly [79], while Baranescu et al. reported significantly increased CO and HC 
emissions when fumigating ethanol on a 6-cylinder turbocharged Navistar engine in 
addition to increased peak cylinder pressures [80]. Fang et al. have shown that fumigation 
with anhydrous ethanol yielded lower NOX emissions only when coupled with advanced 
diesel injection timing [13]. Olson et al. have shown that fumigation with 100 proof 
hydrous ethanol yielded lower NOX and soot emissions, but decreased thermal efficiency 
and increased HC emissions as compared to diesel only operation [63]. Bika et al. showed 
similar results using fumigation of ethanol to offset 40% of diesel fuel use, but only showed 
decrease NOX in some conditions [16]. Broukhiyan et al. have shown that fumigation of 
ethanol up to 50% replacement at 12 steady state operating conditions resulted in slight 
gains to thermal efficiency, while brake specific NOX concentrations decreased [22]. In 
their experimental testing, engine misfire and knock limited the upper bound of ethanol 
able to be fumigated.  
Hydrous ethanol has also been considered to be used in LTC strategies. Flowers et al. 
have shown using modeling that HCCI operation using 70 proof hydrous ethanol can 
achieve high thermal efficiencies and low NOX emissions [81]. Dempsey et al. used 
computational modeling and experiments to achieve diesel-hydrous ethanol RCCI 
operation [82]. Using 150 proof hydrous ethanol, their modeling results showed 
simultaneously low soot and NOX emissions with a gross indicated efficiency of 55% at 
loads between 5 – 17 IMEP. They also discovered that water creates a significant charge 
cooling effect and ethanol acts to retard ignition and combustion, leading to increased 
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control of the premixed combustion phase as compared to diesel-gasoline RCCI. 
Experimental testing was conducted by the same group to validate the modeling results 
[83], where they achieved thermal efficiencies comparable to diesel only operation and 
effectively eliminated NOX and soot emissions on a heavy duty engine using 150 proof 
hydrous ethanol and a light duty engine using 180 proof hydrous ethanol.  
Overall, the majority of studies have shown varying results on NOX emissions, but also 
that significant reductions in NOX emissions can only be achieved reliably when direct 
diesel fuel injection parameters are altered from their stock calibration. In order for hydrous 
ethanol usage in CI engines to have a meaningful impact on NOX from existing fixed 
calibration engines without major modifications, new dual-fuel strategies must be 
developed and implemented. Strategies such as on-board TCR to enable fuel reformation 
have potential to have a significant impact on NOX emissions by introducing reformed fuel 
and inert gases to more strongly influence in-cylinder combustion. 
2.5 Fuel Reforming  
Fuel reforming is a process used extensively in industry to produce a mixture of 
hydrogen (H2) and carbon monoxide (CO) from hydrocarbons. The products, otherwise 
known as syngas is a crucial component in industrial processes such as hydroprocessing in 
petroleum refining, methanol production and ammonia synthesis. The primary reactions 
for reforming a given hydrocarbon include partial oxidation (POX), steam reforming (SR), 
and water gas shift (WGS). These reactions are shown in equations 12 – 14 in general 
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format. In real world applications, incomplete oxidation reactions also occur that result in 
smaller hydrocarbons than the parent fuel with similar POX and SR reactions. 
 
Partial Oxidation: 
𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 −
𝑧
2
) 𝑂2 ↔ 𝑥𝐶𝑂 +
𝑦
2
𝐻2    (Eq. 12) 
Steam Reforming: 
𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 − 𝑧)𝐻2𝑂 ↔ 𝑥𝐶𝑂 + (𝑥 +
𝑦
2
− 𝑧) 𝐻2    (Eq. 13) 
Water Gas Shift: 
𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2     (Eq. 14) 
Partial oxidation is exothermic, while steam reforming is endothermic, requiring heat 
to proceed. If the reactants contain both water and oxygen, both SR and POX reactions 
occur where the POX reaction provides a portion of the necessary heat for the SR reactions. 
This global set of equations is more commonly referred to as auto-thermal reforming 
(ATR). Catalytic steam reforming is the most common method for converting natural gas 
into reformate in industrial applications. Generally, an external burner acts as the heat 
source for the SR reaction. POX on the other hand consumes a portion of the fuel’s heating 
value, but similarly can be accomplished catalytically or in a homogeneous reactor. 
Hydrocarbon fuels with high molecular weights such as diesel fuel are not commonly 
used in industry for fuel reforming. Diesel fuel for example contains a mixture of 400+ 
different hydrocarbons, each having their own reforming kinetics. As such, the 
mechanisms behind diesel fuel reforming are not well established. Diesel reforming can be 
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practically utilized in reactors developed for fuel cell power systems or hydrogen 
production [84–89]. These processes could only be accomplished with the use of POX or 
ATR as pure SR would require temperatures that promote excessive carbon formation on 
the catalyst beds, poisoning and clogging them.  
2.6 Fuel Reforming for Engine Applications 
Thermochemical recuperation in engines uses exhaust waste energy to upgrade the 
heating value of the secondary fuel and produce inert gases to act as a diluent similar to 
exhaust gas recirculation. Compact, thermally integrated fuel processing for hydrocarbons 
was originally developed to be used with fuel cell systems on vehicles and distributed 
power generation applications [90–92]. Reforming for engines is less complex as the 
product stream does not require purification to eliminate CO from the syngas, and 100% 
conversion of hydrocarbon to syngas is not necessary. Thermodynamically, taking 
advantage of exhaust heat mitigates energy losses and feeds the endothermic reforming 
reactions required to produce reformate. The majority of work published regarding fuel 
reformation for engines uses either fresh air to partially oxidize a portion of the fuel and/or 
oxygen contained in the exhaust gas recirculation (EGR) stream [93].  
Additional work has been conducted on developing methods for in-cylinder reforming 
of fuels either during the negative valve overlap (NVO) [94–97] or in a dedicated cylinder 
[98–102]. NVO-reforming has been shown to form more reactive species than the reactant 
fuel and can enable LTC modes in gasoline engines. On the other hand, dedicated cylinder 
reforming strategies operate one or more cylinders fuel rich to produce reformate that can 
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be used to improve overall thermal efficiencies of gasoline engines through more stable 
combustion of lean or dilute mixtures. However, in-cylinder strategies suffer from slow 
kinetics, limited reforming stoichiometry, and homogeneous reforming of heavier fuels 
such as diesel can lead to excessive carbon formation at rich equivalence ratios. The 
literature shows that in-cylinder methods cannot achieve the same level of fuel conversion 
and efficiency possible with external catalytic reactors.  
In general, fuel reformation efficiency increases with increasing operating temperature 
[70,103,104]. However, the efficiency of the reactor is also dependent on the catalyst used 
within the reactor. Each unique catalyst has different conversion efficiencies depending on 
what product is desired on a specific operating temperature range for maximum efficiency. 
For example, Pyatnitsky et al. have found that a 0.23% NA 10% CoZn catalyst operating 
at 350 C had a conversion efficiency of 94.3% from ethanol to H2, while a 9.7% Ni/-
Al2O3 catalyst operating at 700 C only had an 85% conversion efficiency [104]. In 
addition, each individual catalyst has varying conversion efficiencies for conversion of 
initial fuel to inert gases, which is beneficial for NOX reduction, based on the same 
principles as EGR. EGR use in diesel engines acts to lower the flame temperature by 
displacing the oxygen concentration of the working fluid in the combustion chamber to 
effectively reduce in-cylinder NO formation [105]. 
Fuel reformation of a secondary fuel in engines has the potential to overcome the 
shortcomings of other dual-fuel strategies. Tsolakis et al. have shown that the addition of 
hydrogen coupled with EGR resulted in simultaneous reductions of smoke and NOX 
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emissions without impacting engine efficiency, and also that the amount of hydrogen 
required to achieve these benefits could be readily produced by exhaust gas-assisted 
reforming of hydrocarbon fuels [9,10]. In another study, Tsolakis et al. showed that EGR 
with reformed diesel and biodiesel fuel using a separate monolith reactor resulted in higher 
premixed combustion rates, reduction of the diffusion combustion phase, and reductions in 
smoke and NOX emissions [23]. A large amount of research has been dedicated to the 
experimental testing of different catalysts on fuel reformation, the effect of H2 and CH4 
addition on engine performance and emissions, and the benefits of adding inert gases from 
fuel reformation products on NOX emissions. However, there exists little to no literature 
regarding thermally integrated fuel reformation systems, which actively reform fuel and 
uses the produced syngas in an enginer. Tsolakis et al. have shown that a prototype catalyst 
operating at 290 C obtained up to 15% more hydrogen in the reformer products when 
water is added to initial products into the reactor as compared to operation without water 
[8], leading to the conclusion that fuel reformation using hydrous ethanol would yield 
increased amounts of hydrogen with decreasing ethanol proof, lowering NOX emissions. 
There exist two different methods to achieve fuel reformation in engines: reformed exhaust 
gas recirculation and integrated steam reforming. The former mixes secondary fuel with 
exhaust gases to enable POX reactions while the latter relies on SR and WGS reactions 
only. 
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2.6.1 Reformed Exhaust Gas Recirculation 
Reformed exhaust gas recirculation (REGR) is an iteration on previously mentioned 
dual-fuel strategies, utilizing fuel reformation techniques. Instead of injecting the 
secondary fuel via a fumigation or PFI system, the secondary fuel is first sent through a 
reformation reactor where the fuel is reformed into various gases with potentially higher 
lower heating values (LHV), such as H2, CH4, and various other inert gases. The 
reformation reactor can be situated within the exhaust manifold of the engine to take 
advantage of exhaust gas heat, as the reformation process is partially endothermic. In 
addition, using the EGR stream as a reactant provides a convenient source of steam and 
oxidizer; REGR systems have been previously developed for engines to reduce emissions 
and enable the use of alternative fuels [106–110].  However, most literature on REGR have 
used pre-prepared gases to simulate the products of reactors or are purely modeling studies 
that predict the performance of an integrated system. In this strategy, secondary fuel and 
exhaust gases are mixed prior to entering the reactor to take advantage of excess O2 to 
enable POX reactions in already lean burning diesel engines, and steam in engine exhaust. 
The mixing can be achieved through machined slots at the entrance of the reformation 
reactor where vaporized secondary fuel and exhaust gases are allowed to mix prior to 
entering the catalyst sections [111]. Because POX reactions are exothermic, reactor 
temperatures must be monitored closely as catalyst burn out is a concern at higher 
temperatures. Therefore, it is important to maintain a rich fuel-air mixture environment 
within the reactor to not only limit reactor temperatures, but also to maintain high 
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reforming efficiencies as the heating value of the products increases with richer 
equivalence ratios.  
2.6.2 Integrated Steam Reforming 
Integrated steam reforming (ISR) differs from REGR as this method only utilizes 
engine exhaust heat to enable SR and WGS reactions without the presence of oxygen in 
the reactants. As such, the main reactions in ISR are endothermic, eliminating the risk of 
catalyst burn out. Fuels such as hydrous ethanol are prime candidates for realizing on-board 
ISR techniques as the fuel and water can be supplied as a single fuel. Unlike REGR, where 
vaporized H2O is inherently present in the exhaust stream, ISR techniques must overcome 
the high latent heat of vaporization of water to vaporize the incoming secondary fuel and 
water mixture. This can be achieved through preheating the secondary fuel stream with 
exhaust waste heat post turbocharger or using high powered cartridge heaters. Although 
the heat of vaporization of ethanol is much lower than water, increasing the ethanol proof 
beyond a 1:1 molar ratio of water and ethanol (~152 proof) has the potential to generate 
elemental carbon, otherwise known as coke, which is detrimental to catalysts. This 
carbonaceous material gradually accumulates on the surface of the catalyst, and can rapidly 
deactivate the catalyst and block the reactor [112,113].  
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Chapter 3 Experimental Apparatus 
3.1 Engine Setups 
Experiments reported in this study were conducted using two different test engines. All 
hydrous ethanol dual-fuel testing was conducted on an off-highway John Deere 
4045HF475 test engine, while the diesel REGR tests were conducted on a light-duty 
General Motors A20DTH test engine to take advantage of existing stock EGR components.  
3.1.1 John Deere 4045HF475 Test Engine 
The hydrous ethanol dual-fuel experiments in this study were conducted using a John 
Deere 4045HF475 direct injection diesel engine with specifications listed in Table 1. The 
engine was modified with a CleanFlex injection system for the fumigation study. For the 
PFI study, a custom heated fuel rail was installed by modifying the existing intake 
manifold, while a custom exhaust manifold was designed and installed for the hydrous 
ethanol ISR experiments. The engine was coupled to a DC dynamometer capable of 
motoring the engine or absorbing power from the engine. The stock compression ratio, 
valve timing, injection timing, piston bowl, and combustion chamber geometry were not 
altered in any way. The stock common rail direct injection diesel fuel delivery system and 
ECU were used for all diesel injections. Hydrous ethanol fuel flow rate was measured using 
a scale coupled to a LabVIEW data logging program, while diesel fuel flow rate was 
measured using a CUB5 mechanical fuel flow meter. Intake air flow rate was measured 
using a laminar flow element (LFE).  
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Table 1: John Deere 4045HF475 specifications 
Specification Value 
Engine Type 4-stroke DI Diesel 
Cylinders 4, in-line 
Displacement [cc] 4500 
Bore [mm] 106  
Stroke [mm] 127 
Compression Ratio 17.0:1 
Maximum Power 
[kW/RPM] 
129/2400 
Aspiration 
Turbocharged  
& After Cooled 
Diesel Injection System Common Rail 
Emissions Certification 
EPA Tier 2  
(Off-Highway) 
3.1.2 General Motors A20DTH Test Engine 
The diesel REGR experiments were conducted using a General Motors A20DTH direct 
injection diesel engine with specifications listed in Table 2. The engine was modified with 
a custom exhaust manifold equipped with an integrated reforming reactor tube, while 
taking advantage of existing EGR plumbing and controls. The engine was equipped with 
variable geometry turbocharging (VGT), variable swirl actuation (VSA), and electronic 
EGR control. Complete control over operating parameters was enabled by a National 
Instruments™ (NI)/Drivven system. The EGR system was modified for experiments by 
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installing a cooler with a separate water coolant loop to enable higher EGR flow and 
improved temperature control.  
Table 2: General Motors A20DTH specifications 
Specification Value 
Engine Type 4-stroke DI Diesel 
Cylinders 4, in-line 
Displacement [cc] 1956 
Bore [mm] 83.0 
Stroke [mm] 90.4 
Compression Ratio 16.5:1 
Maximum Power 
[kW/RPM] 
117.3/4000 
Maximum Torque 
[Nm/RPM] 
259/1750 
Aspiration Turbocharged 
Diesel Injection System Common Rail 
Emissions Certification Euro V 
3.2 Emissions Instrumentation 
Gaseous emissions data from both engines was measured using a variety of analyzers. 
Sampling points included raw and diluted exhaust, depending on analyzer preconditioning 
requirements and also post catalyst for REGR and ISR experiments. All analyzers were 
maintained and initialized with the same procedure before testing; filters were changed on 
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a daily basis and calibration conducted prior to testing. Data was logged at a frequency of 
1 Hz and steady state values were averaged.  
3.2.1 Fourier Transform Infrared Spectrometer (FTIR) 
Speciated exhaust gases were sampled using a Fourier transform infrared spectrometer 
(FTIR) on a wet basis with a heated sample line maintained at 191 C. The FTIR was 
coupled to a flame ionization detector (FID) for total hydrocarbon (THC) measurements, a 
paramagnetic oxygen sensor, and an intake CO2 analyzer.  
A variety of gas bottles were hooked up to the analyzer bench and either used as a 
calibration gas, purge gas, or fuel. For example, a 40% H2, 60% He bottle was utilized as 
the FID fuel to maintain the flame necessary for FID measurements. Two gas bottles with 
varying concentrations of calibration species were used as calibration gases to provide the 
analyzer with two reference points for increased accuracy. 
3.2.2 Micro-Soot Sensor (MSS) 
Mass concentrations of engine out soot emissions were measured using an AVL Micro-
Soot Sensor (MSS). This photoacoustic analyzer sampled diluted engine exhaust at ratios 
ranging from 7-15:1 depending on the dilution conditions.  
3.2.3 Laser Gas Analyzer (LGA) 
Products of reformation including H2, CO, CO2, and H2O were measured using a 
Raman Laser Gas Analyzer (LGA) on a dry basis. The sampled gases were first sent 
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through a chiller where any residual water (H2O) was condensed and removed from the 
stream prior to entering the analyzer.  
3.3 In-Cylinder Combustion Analysis 
High speed in-cylinder pressure measurements were taken during testing for both test 
engines. The John Deere 4045HF475 test engine was equipped with four Kistler Type 
6065A pressure transducers mounted in custom Kistler 6542Q128 glow plug adapters, one 
per cylinder. In-cylinder pressure data for the GM A20DTH test engine were acquired by 
taking advantage of the existing stock engine pressure transducers. Both engines utilized a 
0.1 CAD resolution BEI H25 incremental optical encoder, which was mounted to the 
engine crank to trigger data acquisition. An NI BNC-2110 and PXI-6123 DAQ were used 
for data acquisition on the John Deere 4045HF475 test engine, while the GM A20DTH test 
engine logged data using built in programming in the engine control program designed by 
Drivven. All steady state testing points were sampled for 100 cycles for a total of 720,000 
data points per cylinder. 
For combustion analysis, the apparent rate of heat release (RoHR) was calculated using 
a first law analysis given in [114]. A constant ratio of specific heats ( = 1.3) was assumed 
for both the compression and expansion processes instead of derived polytropic exponents 
since the shape of the RoHR curve with respect to crank angle was more important to the 
study than the absolute value of the heat release. CA05, CA50, and CA90 refer to the 
calculated crank angle locations of 5%, 50%, and 90% cumulative heat release 
respectively. CA05 was used to characterize the ignition timing, CA50 represents the 
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combustion phasing, and the difference between CA90 and CA05 denotes the burn 
duration.  
3.4 Error Analysis 
Error bars on results figures are based on the root mean square value of the standard 
deviations of the mean between similar testing days (ambient temperature, relative 
humidity), representing a 90% confidence interval. Uncertainty of data points was 
estimated as the combination of repeatability error within each steady state point and 
reproducibility error between repeated tests. Resolution or systemic errors were not taken 
into account, as it was insignificant compared to these two sources. Error propagation 
calculations were estimated using the numerical sequential perturbation approach [115] for 
calculations involving more than one measured parameter.  
3.5 Fuel Properties 
Table 3 lists the relevant properties of the fuels used in this study. Four different proofs 
of splash blended hydrous ethanol were used containing 40% (120 proof), 25% (150 proof), 
20% (160 proof), and 10% (180 proof) water by volume. Commercially available #2 ultra-
low sulfur diesel (ULSD) was used in this research, with properties obtained from an 
independent lab analysis conducted by Paragon Laboratories. Ethanol properties were 
calculated using Reference [114]. 
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Table 3: Properties of fuels used in this study 
Fuel ULSD 
200 Proof 
Ethanol 
180 Proof 
Ethanol 
160 Proof 
Ethanol 
150 Proof 
Ethanol 
120 Proof 
Ethanol 
Density 
[kg/m^3] 
854.2 782.0 815.0 839.8 851.7 885.6 
Heat of 
Vaporization 
[kJ/kg] 
270.0 840.0 1015 1181 1261 1490 
Lower Heating 
Value [MJ/kg] 
42.88 26.90 23.58 20.43 18.91 14.58 
Research 
Octane 
Number 
- 107 - - - - 
Cetane 
Number 
42.80 - - - - - 
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Chapter 4 Dual-Fuel Operation with Fumigation of Hydrous Ethanol 
using Aftermarket CleanFlex System and Direct Injection of Diesel Fuel 
The purpose of this section of the work is to gain a preliminary understanding of the 
effect of hydrous ethanol fumigation on engine performance and characteristics. The work 
presented here was published in Hwang et al. [1]. Fumigation is a conventional dual-fuel 
strategy, well documented in the literature. This method boasts minimal physical engine 
modifications, while providing a partially premixed charge of fumigant and air to the 
engine. The main objective of this work was to investigate the effect on engine performance 
and emissions using a commercially available aftermarket fumigation system designed and 
manufactured by CleanFlex Systems LLC [116]. 
4.1 Operating Conditions and Setup 
Experiments were conducted on the John Deere 4045HF475 diesel engine using 
hydrous ethanol as the secondary fuel. The engine was operated under a modified Type C1 
Off-road vehicle ISO 8178 test cycle for diesel engines as seen in Table 4 [117]. The high 
load conditions were modified to accommodate dynamometer limitations. 
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Table 4: Modified ISO 8178 engine operating conditions 
Mode 
Engine Speed 
[RPM] 
Engine Load 
[N-m] 
BMEP    
[bar] 
1 2400 450 12.6 
2 2400 350 9.77 
3 2400 250 6.98 
4 2400 50 1.40 
5 1400 450 12.6 
6 1400 350 9.77 
7 1400 250 6.98 
8 1000 0 (idle) 0.00 
 
An aftermarket fumigation system designed by CleanFlex Systems LLC was utilized 
to control 120 proof hydrous ethanol flow into the intake manifold of the engine, while 
ULSD was directly injected into the cylinder. A custom injector body shown in Figure 2 
was mounted in-line approximately 1 foot upstream of the intake air manifold and 
downstream of the charge-air cooler [116]. Two automotive-grade fuel injectors originally 
designed for gasoline were used to provide proper ethanol flow for fumigation. The 
injectors were positioned at an angle relative to intake air flow to promote mixing between 
fumigant and intake air prior to entering the intake manifold. 
  36 
 
Figure 2: Top and side view of the custom CleanFlex injector body 
The John Deere 4045HF475 test engine was operated with and without hydrous ethanol 
fumigation at each testing mode. For the purposes of laboratory testing, the 120 proof 
hydrous ethanol fumigant was stored in a secondary container with a fitted pump providing 
steady flow to the fuel injectors. The experimental engine setup is illustrated in Figure 3. 
Hydrous ethanol fuel flow was measured using a digital scale, diesel fuel flow was 
measured using a CUB5 series mechanical fuel flow meter, and an LFE was used to 
measure intake air flow rate. An air-water heat exchanger coupled with a PID temperature 
controller was used to maintain control of intake air temperature. Gaseous emissions were 
measured by an AVL FTIR, and an AVL MSS was used to measure soot concentration. 
Engine exhaust was diluted at a ratio of 10:1 using compressed air prior to being sampled 
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by the AVL MSS. The FTIR sampled both raw exhaust and diluted exhaust, where the ratio 
of CO2 emissions before and after dilution was used as a measurement of dilution ratio at 
every testing point.  
 
Figure 3: Diagram of fumigation engine test setup 
4.2 Experimental Procedure 
During testing, the engine was first cycled to the correct testing mode using diesel only 
combustion. Once steady state was reached, the CleanFlex system was toggled “on” and 
the engine throttle was reduced to match the load settings. Data was taken for five minutes 
once emissions, temperature, and pressure data values reached steady state. The fumigation 
system was then toggled “off” and the engine allowed to reach steady state for diesel only 
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operation data collection. After data collection was completed for a given testing mode for 
both diesel only and fumigation cases, the engine was cycled to the next testing mode.  
4.3 Results and Discussion 
The CleanFlex fumigation system was operated according to the manufacturer’s 
settings at each test mode. It was found that the FEF varied linearly with intake manifold 
pressure over the eight operating modes as shown in Figure 4. Even at high speed and load 
conditions (high boost), FEF only reached values near 10%.  
 
Figure 4: Fumigant energy fraction as a function of intake manifold pressure 
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4.3.1 Engine Performance and Emissions 
Engine performance metrics with and without hydrous ethanol fumigation are 
presented in Table 5. Over the eight operating modes, the addition of hydrous ethanol had 
little to no effect on engine efficiency, with a minimal decrease (< 1%) in combustion 
efficiency (CE). Brake specific fuel consumption (BSFC) was higher at all test modes, due 
to the lower calorific value of ethanol as compared to diesel fuel. This is validated as the 
brake thermal efficiency (BTE) is similar between hydrous ethanol fumigation and 
conventional diesel combustion (CDC). 
As expected, dual-fuel operation with hydrous ethanol increased CO emissions when 
compared to CDC operation, with the greatest increases at higher FEF cases. The formation 
of CO is primarily a product of incomplete combustion due to low in-cylinder temperatures 
preventing the conversion to CO2, and the addition of water is well known to decrease 
operating temperatures. Along with increasing CO, dual-fuel modes are also known to 
increase unburned fuel emissions due to lower CE [14,20]. Significant unburned ethanol 
and non-oxygenated THC emissions were present in the exhaust for all speed and load 
conditions, especially at light loads such as Mode 4, where incomplete combustion of the 
fumigant is evident. This is because the charge cooling effect of hydrous ethanol is more 
dominant at low loads, resulting in lower in-cylinder temperatures. However, the lower 
combustion temperatures act to inhibit soot formation. In addition, excess OH radicals 
derived from fuel borne oxygen promote soot oxidation [18]. In general, soot emissions 
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decreased at higher FEF and increase at low FEF where poor in-cylinder mixing of 
fumigant and diesel charge results in fuel rich areas, increasing soot emissions. 
Table 5: Engine performance metrics over the eight test modes with and without hydrous 
ethanol fumigation 
Mode Operation 
FEF  
[%] 
BSFC 
[g/kW-hr] 
BTE       
[%] 
CE         
[%] 
A/F 
Ratio 
1 
Fumigation 9.05 236 36.3 98.4 31.1 
Diesel 0.00 228 37.6 99.7 30.4 
2 
Fumigation 9.45 253 33.9 97.9 33.1 
Diesel 0.00 238 36.0 99.6 35.0 
3 
Fumigation 7.34 256 33.5 97.9 36.8 
Diesel 0.00 259 30.8 99.6 37.1 
4 
Fumigation 2.20 485 17.7 98.3 63.8 
Diesel 0.00 462 18.4 98.9 66.1 
5 
Fumigation 3.94 222 38.6 99.2 22.3 
Diesel 0.00 228 36.0 99.3 22.2 
6 
Fumigation 2.87 234 36.7 99.4 23.9 
Diesel 0.00 231 36.5 99.6 24.2 
7 
Fumigation 2.01 237 36.2 99.4 28.7 
Diesel 0.00 235 34.2 99.7 28.9 
8 
Fumigation 0.710 - 0.540 98.8 147 
Diesel 0.00 - 0.690 98.7 143 
4.3.2 Experimental NOX Emissions from Dual-Fuel Fumigation Operation 
Figures 5 – 7 present the effect of fumigation on brake specific engine out NO, NO2, 
and NOX emissions per testing mode. Although fumigation with 120 proof hydrous ethanol 
effectively reduces NO, it also acts to increase NO2, thereby causing little to no effect on 
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NOX. The reduction of NO emissions is a function of charge-cooling due to hydrous 
ethanol vaporization along with the added heat capacity of the mixture from dilution with 
water contained in the 120 proof hydrous ethanol fumigant. Both effects result in lower 
combustion temperatures, thereby reducing thermal NO production through the Zel-dovich 
mechanism. In addition, introduction of water into diesel engines is well known to reduce 
NO formation [77,118]. As seen in Figure 5, NO reduction is higher at high FEF (Modes 
1-3) where more water is being introduced into the intake manifold. Greeves et al. 
developed a computational model where the reduction if NO from water injections was 
found to be directly related to low in-cylinder temperatures, which is in agreement with the 
work conducted during this study [77].  
 
Figure 5: Brake specific NO emissions as a function of mode with and without 
fumigation 
  42 
 
Figure 6: Brake specific NO2 emissions as a function of mode with and without 
fumigation 
 
Figure 7: Brake specific NOX emissions as a function of mode with and without 
fumigation 
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Although low combustion temperatures are known to reduce NO formation, NO2 is 
more favored under such conditions. The HO2 radical is the primary component responsible 
for reacting with NO to produce NO2 and at low combustion temperatures, HO2 is relatively 
stable and is able to react with formed NO to produce NO2 [119]. Bika et al. have shown 
that lower temperature coupled with any increase in H atom concentrations promote the 
formation of HO2, and thereby promote the conversion of NO to NO2 [120]. Bowman et 
al. have also shown that even low concentrations of HC can accelerate the reaction of NO 
to NO2 [119]. As seen in Figure 6, brake specific NO2 emissions increase significantly with 
fumigation. The increase of NO2 coupled with the decrease in NO leads to very little change 
in overall NOX emissions.  
4.4 Conclusions 
Although fumigation is a viable dual-fuel strategy for diesel engines, the strategy had 
little to no effect on NOX emissions while using high water content hydrous ethanol at low 
replacement percentages. Aside from minimal reductions in soot emissions, hydrous 
ethanol fumigation increased CO and unburned THC emissions, including significant 
ethanol emissions due to lower CE. However, the results of this study suggest that 
increasing the FEF may increase the benefits of hydrous ethanol dual-fuel operation. 
Higher FEF levels may be achieved by using hydrous ethanol with lower water content, or 
through better mixing and accurately timed injections with injectors situated closer to the 
intake valve in a PFI setup. Due to the limitations created by adding water vapor to engine 
combustion, lowering the water content of hydrous ethanol would be ideal to prevent low 
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in-cylinder temperatures. PFI of hydrous ethanol would also provide increased 
controllability of injection rates and duration, allowing for higher FEF levels without 
condensation buildup in the intake manifold. Furthermore, increased preheating of the 
fumigant fuel could result in more complete vaporization, increasing in-cylinder 
temperatures for higher combustion efficiencies. 
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Chapter 5 Dual-Fuel Operation with Port Injection of Hydrous Ethanol 
using Novel Heated Fuel Rail and Direct Injection of Diesel Fuel 
PFI is another conventional dual-fuel strategy well studied in the literature. Unlike 
fumigation, fuel injectors are positioned near the port of each cylinder, allowing for precise 
fuel flow timing and control. To improve hydrous ethanol fumigation, experiments were 
conducted using a novel PFI system to gain additional understanding of the effect of dual-
fuel strategies on engine performance and emissions. The main objective of this work was 
to improve diesel fuel energy replacement by hydrous ethanol through increasing ethanol 
proof. The work described here was published in Nord et al. and Hwang et al. [2,3]. 
5.1 Operating Conditions and Setup 
In this part of the study, 160 and 180 proof hydrous ethanol was used as the secondary 
fuel. A novel heated fuel rail was designed to take advantage of hot engine coolant (75 – 
80 °C) to improve vaporization of hydrous ethanol prior to injection. Secondary fuel 
injector pulse width and timing were controlled and varied to provide multiple FEF test 
points for each testing mode. The heating system incorporated three smaller tubes on the 
inside of the fuel rail in order to circulate engine coolant in a “shell-and-tube” 
configuration. A diagram of the novel heat exchanger is provided in Figure 8. Due to the 
physical orientation of the John Deere 4045HF475 test engine, situating a single injector 
per cylinder proved difficult and would require extensive modification to existing engine 
parts. Instead, two automotive grade fuel injectors were mounted on the intake manifold of 
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the engine and controlled to pulse during the exhaust phase of two cylinders per injector. 
The ethanol inlet was offset slightly from the middle of the fuel rail to ensure both injectors 
were supplied hydrous ethanol at the same temperatures, as counter-flow heat exchange is 
more efficient than co-flow. ANSYS modeling was conducted in Nord et al. to determine 
optimal placement of the ethanol inlet [2]. 
 
Figure 8: Isometric view of the hydrous ethanol fuel injection system 
Camshaft timing was used to determine appropriate hydrous ethanol injection timing 
and was determined by T-tapping into the signal from the manufacturer-installed camshaft 
sensor. This provided the engine speed and the location of cylinder 1 at top dead center 
(TDC). A National Instruments™ LabVIEW program and cRIO controller were used to 
read in camshaft position and output pulse width and timing to each injector. Each injector 
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injected twice per two engine rotations starting at 360 CAD ATDCF, and 21 CAD after 
IVO, to partially mitigate fuel bypass from positive valve overlap inherent to this engine.  
Similar to the fumigation study, the John Deere 4045HF475 test engine was operated 
with and without hydrous ethanol PFI at each testing mode. The experimental engine setup 
is illustrated in Figure 9. Hydrous ethanol fuel flow was measured using a digital scale 
while diesel fuel flow was measured using a CUB5 series mechanical fuel flow meter. An 
LFE was used to measure intake air flow rate, and after-cooler outlet temperature was 
maintained between 40 and 50 C using an air-water heat exchanger. Heated intake air was 
required to assist combustion of the charge due to ethanol’s high latent heat of vaporization. 
Gaseous emissions were measured by an AVL FTIR, and an AVL MSS was used to 
measure soot concentration. Engine exhaust was first diluted at a ratio of 5-7:1 in a 
residence chamber with compressed air prior to being sampled by the MSS. The FTIR 
sampled both raw exhaust and diluted exhaust, where the ratio of CO2 emissions before 
and after dilution was used as a measurement of dilution ratio at every testing point.  
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Figure 9: Diagram of PFI engine test setup 
In addition to engine performance and emissions data, high speed in-cylinder pressure 
data were collected at each testing condition. Kistler Type 6065A pressure transducers 
were mounted in custom Kistler 6542Q128 glow plug adapters for all four engine 
cylinders. A 0.1 CAD resolution BEI H25 incremental optical encoder was mounted to the 
engine crank to trigger data acquisition using a NI BNC-2110 and PXI-6123 DAQ. An NI 
LabVIEW interface was programmed to sample 100 cycles for a total of 720,000 data 
points per cylinder. Apparent heat release rate was calculated using a custom post-
processing code and a first law analysis outlined in ref. [114]. 
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5.2 Experimental Procedure 
The same ISO 8178 testing conditions as the fumigation study were used for the PFI 
study, seen in Table 4. At each testing mode, the engine was first allowed to reach steady 
state under CDC conditions. The PFI system was then toggled “on” for port injection of 
hydrous ethanol and direct injection diesel fuel flow was decreased to match engine load 
with the designated condition. Data was taken at intervals of two minutes once emissions, 
temperature, and pressure data reached steady state and then averaged for reported results. 
The stock engine ECU was not modified in any way; all diesel injection parameters 
followed the original equipment manufacturer (OEM) calibration.  
Ethanol injector pulse width was varied to increase FEF, while engine load was held 
constant by varying the engine pedal position, effectively decreasing diesel fuel flow to 
accommodate increased load during dual-fuel PFI operation. After data collection for the 
selected testing mode was completed, the PFI system was toggled “off” and cycled to the 
next testing mode under CDC conditions. Experiments were conducted using 160 proof 
and 180 proof hydrous ethanol, where the eight-point test cycle was conducted in its 
entirety for both PFI and CDC conditions.  
5.3 Results and Discussion 
The John Deere 4045HF475 diesel engine was operated over a range of injector pulse 
widths for each operating mode with 160 proof, 180 proof, and diesel only modes. All 
values reported were calculated on a diesel equivalent basis. Preliminary testing presented 
in Nord et al. showed no discernible changes in engine performance and emissions when 
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using the coolant preheat loop integrated into the PFI fuel rail, and was therefore not used 
in this part of the work [2]. All testing modes were stability limited, defined as when any 
increase in injector pulse width resulted in unstable combustion or audible engine knock. 
5.3.1 Engine Performance and Emissions 
Performance results for the max FEF case achieved at each condition are given in Table 
6. CE and air/fuel ratio (AFR) decreased slightly with increasing FEF for all conditions. 
The decrease in CE is attributed to the charge cooling effects from the latent heat of hydrous 
ethanol vaporization and the increased amount of water being introduced to the engine with 
increasing FEF. BTE decreased with increasing FEF for the majority of cases but increased 
for a few 180 proof cases. This trend is coupled with the BSFC, which increased with 
increasing FEF for most cases, but decreased for the same 180 proof cases with increased 
BTE. However, these 180 proof cases exhibited BTE higher than CDC operation at high 
FEF where engine stability becomes a concern. 160 proof hydrous ethanol conditions 
reached higher injector pulse widths, and therefore higher FEF as compared to 180 proof, 
before the onset of knock.  
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Table 6: Engine performance parameters at maximum FEF achieved 
Mode Operation 
Max FEF 
[%] 
BSFC 
[g/kW-hr] 
BTE       
[%] 
CE         
[%] 
A/F 
Ratio 
1 160 Proof 41.7 252 34.0 99.6 28.5 
2400 RPM 180 Proof 39.1 210 40.8 99.8 32.6 
450 Nm Diesel 0 220 39.0 99.9 32.2 
2 160 Proof 61.8 274 31.2 99.3 28.5 
2400 RPM 180 Proof 60.0 220 39.0 99.5 34.9 
350 Nm Diesel 0 226 38.0 99.9 35.2 
3 160 Proof 51.6 288 29.8 99.3 32.1 
2400 RPM 180 Proof 49.6 229 37.4 99.5 39.9 
250 Nm Diesel 0 234 36.6 99.9 39.0 
4 160 Proof 41.2 630 13.6 99.9 51.3 
2400 RPM 180 Proof 46.0 590 14.5 98.8 55.7 
50 Nm Diesel 0 435 19.7 99.9 71.0 
5 160 Proof 23.8 214 40.1 99.9 22.0 
1400 RPM 180 Proof 21.6 201 42.6 99.9 23.1 
450 Nm Diesel 0 206 41.6 99.9 23.4 
6 160 Proof 27.6 223 38.5 99.9 23.2 
1400 RPM 180 Proof 28.7 205 41.8 99.9 25.0 
350 Nm Diesel 0 209 41.0 99.9 25.6 
7 160 Proof 33.4 230 37.2 99.8 27.4 
1400 RPM 180 Proof 26.0 215 39.9 99.9 29.5 
250 Nm Diesel 0 213 40.3 99.9 31.1 
8 160 Proof 48.9 980 8.74 99.1 80.1 
1000 RPM 180 Proof 53.0 848 10.1 98.9 90.5 
0 Nm Diesel 0 604 14.2 99.9 131 
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Figure 10 depicts the in-cylinder pressure and calculated RoHR for Mode 3 (2400 rpm, 
7 bar BMEP) for three selected FEF cases using 180 proof ethanol and CDC. The premixed 
heat release event and peak pressure increased in magnitude with increasing FEF. 
Combustion phasing, as calculated by CA50 advanced with increasing FEF, while burn 
duration, defined as CA90 – CA05 decreased. For example, for the cases shown in Figure 
10, CA50 advanced from 16.4 DATDC to 13.5 DATDC, while burn duration decreased 
from 27.5 CAD to 20.0 CAD. These trends are due to the increased premixed portion of 
combustion with increasing FEF. This can also be seen in the increasingly bimodal shape 
of the RoHR curves, which depicts the amplified premixed and diffusion portions of 
combustion. This is a common trend seen in the literature where the combustion of directly 
injected diesel fuel provides the ignition energy for the combustion of the premixed 
fumigant [121].  
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Figure 10: In-cylinder pressure traces and apparent RoHR for Mode 3 and 180 proof 
hydrous ethanol 
As expected, engine out CO emissions increased uniformly with increasing FEF and 
were largely independent of ethanol proof. The low load conditions (Mode 4 & 8) exhibited 
the greatest increase while the high load cases had minimal increases. At low loads, low 
in-cylinder temperatures prevent the oxidation of CO to CO2 in addition to incomplete 
combustion. At high loads, CO emissions reach a horizontal asymptote at high FEF where 
the increased AFR prevents the formation of CO.  
Increases in CO have been shown to be directly correlated with increases in HC 
emissions for dual-fuel combustion with alcohols as the fumigant [13,20]. Figure 11 shows 
the light hydrocarbon distribution (excluding ethanol) for 160 and 180 proof hydrous 
ethanol at Mode 3 for a range of FEF as measured by the FTIR. CH4 and C2H4 emission 
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increase with FEF, indicating incomplete combustion becomes more significant at higher 
hydrous ethanol flow rates. In addition, oxygenated hydrocarbons such as formaldehyde 
and acetaldehyde also increase significantly with FEF. At 160 proof, increased water 
content at similar FEF levels leads to additional in-cylinder charge cooling, which causes 
more incomplete combustion and increased light HC emissions as compared to 180 proof 
at higher FEF (>30%). This can also be seen in the lower CE values for 160 proof in Table 
6. 
 
Figure 11: Light non-oxygenated hydrocarbon distribution on a brake-specific basis as a 
function of FEF for 160 and 180 proof hydrous ethanol at Mode 3 (2400 RPM, 250 N-m) 
Although ethanol proof had an impact on light HC distribution, it did not change brake 
specific ethanol emissions. Similar to previous fumigation work, unburned ethanol 
emissions increase with FEF with high engine load cases exhibiting the lowest increases 
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due to higher engine temperatures allowing more complete combustion of the fumigant 
charge. With increasing FEF, greater concentrations of ethanol containing regions such as 
the crevice and squish volumes are uninfluenced by the diffusive combustion event leading 
to higher emissions. At low engine loads, unburned ethanol emissions increase rapidly as 
a function of FEF due to insufficient hot regions in the combustion chamber. The 1400 
RPM cases experienced lower unburned ethanol emissions than similar load 2400 RPM 
cases because low engine speed conditions operate at higher temperatures for a given load. 
Fang et al. have shown that the use of ethanol delays ignition and combustion phasing, also 
resulting in increased unburned ethanol in the exhaust at higher engine speeds [13]. 
Because the hydrous ethanol is premixed with intake air, overlap between engine EVC and 
IVO events allows the premixed charge to short-circuit, increasing unburned ethanol 
emissions. To mitigate this effect, the PFI injection strategy used in this study began 
injections 21 CAD after IVO, but some short-circuiting is still expected.  
Figure 12 shows engine out soot concentrations for all tested conditions where the 
horizontal dotted lines represent CDC operation. There was no uniform trend in soot 
emissions as a function of FEF. High load conditions showed increases in soot emissions 
until high FEF (> 30%) where soot eventually began to decrease. The initial increase in 
soot is due to higher temperature diffusion combustion and richer mixtures around the 
flame zones from the premixed ethanol. At high FEF, significantly less diesel is injected 
and combustion shifts towards a more premixed mode, decreasing soot. At near idle 
conditions, soot emissions were negligible and independent of FEF as these conditions 
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were primarily premixed low temperature combustion. Ethanol proof also had no impact 
on soot emissions for any mode, indicating that any benefits gained were due to ethanol 
replacement of diesel and not through water influence on the formation of soot.  
Ethanol may also chemically play a role in decreasing soot formation at higher FEF. 
Dual-fuel combustion has been shown to reduce soot concentrations where increased OH 
radicals lead to greater post-combustion soot oxidation [15,16,63]. Ethanol consists of C-
H, C-C, C-O, and O-H bonds. During combustion, the C-C and C-O bonds can be readily 
broken due to lower band energies. This chemical reaction causes an increased 
concentration of OH radicals within the combustion chamber [39]. This increase in OH 
radical concentration at higher FEF may result in decreasing exhaust soot concentrations. 
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Figure 12: Soot concentrations as a function of FEF for 160 and 180 proof hydrous 
ethanol. Horizontal dotted lines represent CDC operation values 
5.3.2 Experimental NOX Emissions from Dual-Fuel PFI Operation 
Brake specific NO and NOX emissions for 160 and 180 proof hydrous ethanol can be 
seen in Figures 13 and 14, respectively. The dotted horizontal lines in these plots represent 
the CDC emission values. At every condition, NO emissions decreased with increasing 
FEF, due to the increase in charge cooling lowering in-cylinder temperatures. There was 
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also no discernible change between 160 and 180 proof hydrous ethanol at a given FEF 
indicating that NO formation is independent of the water content in the fuel. This provides 
evidence that other factors besides charge composition influence NO emissions for dual-
fuel combustion, such as the propensity of unburned hydrocarbons facilitating the 
conversion of NO and NO2 during the expansion stroke.  
 
Figure 13: Brake specific NO emissions as a function of FEF for 160 and 180 proof 
hydrous ethanol. Horizontal dotted lines represent CDC operation values 
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Figure 14: Brake specific NOX emissions as a function of FEF for 160 and 180 proof 
hydrous ethanol. Horizontal dotted lines represent CDC operation values 
Similar to the fumigation work, increasing FEF had little impact on overall NOX 
emissions, with NO2 emissions increasing as NO emissions decrease. The data show that 
in all cases, except for the highest FEF conditions, direct introduction of hydrous ethanol 
does not have an impact on NO formation during the diffusive diesel combustion phase, 
and that NO is converted to NO2 at some point during the engine cycle. At high FEF, 
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sufficient charge cooling enables NO formation mitigation via the thermal Zel’dovich 
mechanism, especially noticeable at low load cases such as Mode 4 and 8.  
The trends seen in the experimental data imply that NO is being converted to NO2 
somewhere within the engine cycle, causing no change to the overall NOX emissions. Hori 
et al. have shown that hydrocarbons facilitate this conversion of NO to NO2 at high 
temperatures, however ethanol is not included in their work [65]. In this work, ethanol is 
the major hydrocarbon species present in the engine exhaust and must be responsible in 
part for this conversion. As a measure of this hypothesis, Figure 15 depicts the NO2/NOX 
ratio for all experimental data points tested in this study as a function of the unburned 
ethanol measured in the exhaust normalized by the NOX concentration seen during CDC 
operation per mode respectively. It is evident that ethanol plays a significant role in this 
conversion mechanism, as the NO to NO2 conversion process occurs rapidly until reaching 
a horizontal asymptote around 0.72. This conversion limitation is likely due to chemical 
equilibrium where no further conversion occurs with increasing FEF due to low 
concentrations of NO. 
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Figure 15: NO2/NOX ratio as a function of unburned ethanol for all modes and ethanol 
proofs 
5.3.3 In-cylinder NO to NO2 Conversion 
As previously noted, the literature have shown that hydrocarbons facilitate the 
conversion of NO to NO2 at high temperatures, however they do not consider ethanol 
[65,122]. In this work, the experimental data indicates that ethanol is a major contributor 
to this mechanism as the conversion of NO to NO2 increases with increasing unburned 
ethanol emissions in the exhaust. To investigate this further, a single zone combustion 
model was created using the same initial variables from Hori et al [65]. The results from 
their work was also used to validate our model. Hori et al. used an adiabatic constant 
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pressure single zone reactor model and a constant temperature quarts flow experimental 
reactor to demonstrate the conversion mechanism computationally and experimentally at 
different temperatures. They found that ethylene and propane are very effective at 
converting NO to NO2, while methane and ethane are less effective.  
In this work, a single zone constant pressure reactor model was created in Cantera, an 
open-source thermochemistry and kinetics code to investigate the propensity of ethanol on 
converting NO to NO2. A C1-C4 hydrocarbon with NO addition mechanism from 
Lawrence Livermore National Laboratory (LLNL) was used in the model [123]. Initial 
conditions for the model were set to atmospheric pressure, and concentrations of 20 ppm 
NO in N2, 50 ppm of HC in N2, and the remainder air, matching Hori et al.  
The constant pressure reactor model was run over a sweep of operating temperatures 
between 600 and 1200 K, with a total residence time of 1.5 seconds. Ethanol, ethylene, and 
methane were tested individually as these are the hydrocarbons increasingly present during 
dual-fuel operation with hydrous ethanol. Concentrations of NO and NO2 were the 
exported and the calculated ratio of NO2/NOX ratio at each operating temperature can be 
seen in Figure 16.  
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Figure 16: NO2/NOX ratio as a function of reaction temperature for selected HC’s using 
a constant pressure reactor 
From the results of the model, it is evident that ethanol has a high propensity to convert 
NO to NO2 with a peak NO2/NOX ratio similar to ethylene (C2H4) but over a smaller 
temperature range. Hydrocarbons facilitate the oxidation of NO to NO2 predominantly 
using the NO + HO2  NO2 + OH mechanism. Hori et al. have shown that hydrocarbons 
that simultaneously produce OH radicals to sustain fuel oxidation and HO2 radicals for NO 
to NO2 conversion are more effective at converting NO to NO2 [65]. For example, the 
oxidation of methane (CH4) is relatively slow, resulting in a limited amount of produced 
HO2. In addition, methyl radicals react to reduce NO2 to NO via the CH3 + NO2  CH3O 
+ NO mechanism. All of these factors contribute to show that methane does not readily 
promote the conversion of NO to NO2 as compared to ethanol.  
Ethanol reacts with OH radicals to form CH3CHOH and CH3CH2O, which oxidize to 
produce HO2 and then more OH in the following reactions.  
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𝐶𝐻3𝐶𝐻𝑂𝐻 + 𝑂2 ↔ 𝐶𝐻3𝐻𝐶𝑂 + 𝐻𝑂2   (Eq. 15) 
𝐶𝐻3𝐻𝐶𝑂 + 𝑂 ↔ 𝐶𝐻3𝐶𝑂 + 𝑂𝐻    (Eq. 16) 
Here, reaction 15 forms the HO2 radicals necessary to facilitate the NO to NO2 conversion, 
while reaction 16 produces additional OH radicals to feed the ethanol consumption 
reactions. The computational model predicts the conversion of NO to NO2 to occur in the 
range of 800 – 1200 K for ethanol. These temperatures are much higher than engine out 
exhaust temperatures; however, in-cylinder temperatures during the expansion stroke of 
the engine clearly fall within this range. 
Knowing ethanol’s propensity to convert NO to NO2 during the expansion stroke of 
the engine, a variable pressure single zone model was created using the recorded in-
cylinder pressure data versus time. This model assumes that NO formation is complete, 
and that the burned gases are mixed sufficiently by CA90. The CA90 point was chosen as 
the initial condition for the variable pressure model as the start of the compression stroke. 
In addition to the recorded in-cylinder pressure data, a range of initial local in-cylinder 
temperatures and a sweep of unburned ethanol concentrations were conducted to predict 
NO to NO2 conversion. The range of temperatures was chosen around the calculated mean 
in-cylinder temperature because local in-cylinder temperatures can vary within the 
cylinder. Polytropic relations were used to calculate the in-cylinder temperatures starting 
from CA90 using the pressure data. 
Figure 17 depicts the conditions used in the model for one testing case. The symbols 
shown are for clarity between the trends and do not indicate actual data. The TCA90 surface 
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represents the range of isentropic temperature curve fits used as initial temperatures 
ranging from 1000 to 2000 K at 50 K increments. The lower range was extended because 
the introduction of water is well known to decrease local in-cylinder temperatures 
[75,77,124–126]. The mean in-cylinder temperature curve starting at CA90 was calculated 
to validate and determine the TCA90 range used for the model. The initial exhaust 
composition used in the model were taken from a CDC operating point (1400 rpm, 250 N-
m), and a range of unburned ethanol (500 – 4000 PPM) was added before the model began 
to iterate. The model obtained similar results when run at different engine operating 
conditions, and these results were not included for brevity. 
 
Figure 17: Apparent RoHR, in-cylinder pressure, mean in-cylinder temperature, and 
CA90 temperature range as a function of CAD 
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Figure 18 illustrates the trajectory of NO conversion as a function of crank angle for 
two initial CA90 temperatures. At higher temperatures, NO decreases suddenly and then 
increases before settling within 5 CAD, as the gases do not reach the appropriate 
temperature range to promote conversion. At lower temperatures, NO is readily converted 
to NO2 within 20 CAD before the composition “freezes” as temperatures fall below the 
lower limit of conversion. The initial decrease of NO at high temperatures is due to the 
oxidation of ethanol, while the increase is a result of higher temperatures favoring the 
reversion of NO2 to NO. The model shows that high local in-cylinder temperature regions 
will not encounter unburned hydrocarbons such as ethanol, and therefore the conversion of 
NO to NO2 does not occur in these regions. However, lower local in-cylinder temperatures 
will likely encounter unburned ethanol, resulting in the conversion of NO to NO2.  
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Figure 18: NO conversion trajectory as a function of CAD starting at CA90 for 1150 and 
1550 K 
The NO2/NOX ratio at the end of the expansion stroke was plotted as a contour against 
the initial CA90 temperature and the ratio of initial unburned ethanol normalized against 
initial NOX concentration in Figure 19. A clear area between 1150 and 1250 K can be seen 
where the conversion of NO to NO2 occurs readily due to the presence of unburned ethanol 
in the exhaust. Once local in-cylinder temperatures reach values greater than 1400 K, the 
model predicts complete ethanol conversion, resulting in no conversion activity. In 
addition, at higher temperatures, ethanol consumption produces daughter radicals, and the 
reversion of NO2 to NO is more favored. Hori et al. have shown that the R + NO2  NO 
+ RO mechanism will reduce NO2 to NO, where R represents the ethanol daughter radicals 
resistant to oxidation by O2. On the other end of the spectrum, at local in-cylinder 
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temperatures lower than 1150 K, the production of OH radicals is limited, which in turn 
limits the production of HO2, preventing the conversion of NO to NO2. Although ethanol 
is the major unburned hydrocarbon present during dual-fuel operation, it is important to 
note that other HCs such as ethylene and methane increase with increasing FEF. Figure 20 
shows the light HC distribution for 160 and 180 proof hydrous ethanol for a range of FEF 
as measured by the FTIR at Mode 7 (1400 rpm, 250 N-m), the same condition used in the 
model. Unlike Figure 11, this condition did not reach high enough FEF (>30%) for the 
increased water content of 160 proof hydrous ethanol to have any charge cooling effects 
on THC emissions; instead there is negligible difference in light HC distribution between 
160 and 180 proof at similar FEF conditions. However, these unburned hydrocarbons, if 
included in the model would therefore promote additional NO to NO2 conversion.  
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Figure 19: NO2/NOX contour as a function of local in-cylinder temperatures at CA90 and 
normalized unburned ethanol concentration 
 
Figure 20: Selected non-oxygenated HC emissions on a brake specific basis as a function 
of FEF for 160 and 180 proof hydrous ethanol at Mode 7 (1400 rpm, 250 N-m) 
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5.4 Conclusions 
Like fumigation, PFI is a viable dual-fuel strategy for diesel engines to utilize hydrous 
ethanol at high replacement ratios, but there is no effect on NOX emissions (decreased NO, 
increased NO2) until high FEF where significant charge cooling lowers the diesel 
combustion temperature. However, at these high FEF conditions, engine combustion 
stability becomes an issue. Engine BTE decreased with increasing FEF in general, but 
increased for a few 180 proof cases, reaching values greater than CDC at high FEF. In 
addition, the results show that the use of PFI with 160 and 180 proof hydrous ethanol result 
in increased CO, THC, and unburned ethanol emissions with increasing FEF and no 
discernible difference between ethanol proofs.  
A single zone reactor model developed in Cantera was used to find that unburned 
hydrocarbons have different propensities for promoting the conversion of NO to NO2, a 
result validated with work conducted by Hori et al. [65]. It was discovered that ethanol 
actively promotes this conversion in a temperature range between 800 – 1200 K, 
temperatures likely to occur in-cylinder during the expansion stroke. A second single zone 
model was developed, taking into account measured high speed in-cylinder pressure traces 
and calculated CA90 initial conditions to evaluate the NO to NO2 conversion. The model 
predicted high conversion rates at local in-cylinder temperature regions between 1150 – 
1250 K and that this conversion occurs rapidly at the beginning of expansion before the 
composition “freezes.” 
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The results from the fumigation and PFI studies indicate that direct introduction of 
hydrous ethanol using aftermarket dual-fuel systems is inadequate and cannot achieve the 
emissions reductions possible with low temperature RCCI combustion. To address the 
NOX issue, aftermarket dual-fuel strategies must mitigate NO formation in the diffusion 
flame by lowering combustion temperatures. By preventing the formation of NO, these 
systems would in turn limit the amount of NO available for the NO to NO2 conversion 
mechanism. Newer strategies such as REGR and ISR offer the benefit of being able to 
increase the heat capacity of the unburned gas by first pre-treating the secondary fuel prior 
to introduction into the engine. These strategies have the potential to reduce overall 
combustion temperatures while maintaining high FEF and thermal efficiencies.   
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Chapter 6 Dual-Fuel Operation with On-Board Diesel Reformed 
Exhaust Gas Recirculation and Direct Injection of Diesel Fuel 
With conventional fumigation and PFI dual-fuel strategies providing little to no benefit 
to soot and NOX emissions, experiments were conducted to investigate integrated fuel 
reformation strategies like REGR. Unlike conventional dual-fuel strategies, secondary fuel 
is first pretreated in an integrated reactor using ATR reactions before being introduced into 
the engine. The main objective of this part of the work was to experimentally demonstrate 
a thermally integrated REGR reactor and to use the produced syngas to enable LTC 
conditions. The work described here represents the first time “single fuel” RCCI operation 
was achieved; the results were published in Hwang et al. [62,111]. 
6.1 Operating Conditions and Setup 
Since REGR requires mixing with exhaust gases to provide the necessary oxygen 
content for POX reactions, the GM A20DTH testing engine equipped with a stock EGR 
system was chosen for this study in place of the John Deere 4045HF475. In addition, the 
GM test engine allowed for control over all direct injection parameters, operation in LTC 
regimes as demonstrated in previous studies [127]. Therefore, it was hypothesized that 
single-fuel RCCI operation may be possible using the REGR strategy and diesel fuel was 
then chosen as both the primary and secondary fuel. A custom exhaust manifold with a 
thermally integrated reforming reactor was designed to take advantage of exhaust heat and 
excess oxygen in the exhaust, while utilizing existing EGR architecture. Figure 21 depicts 
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a transparent isometric view of the reactor assembly. Two sets of experiments were 
conducted; the first explored the operability range of the integrated REGR reactor without 
modifying diesel injection timing, while the second improved the design and operation 
based upon challenges faced in the first experiment and successfully demonstrated single-
fuel RCCI operation. 
 
Figure 21: Thermally integrated REGR reactor depicting the transparent outer shell and 
reactor tube along with vaporizer mixing impingement plate, and catalyst sections 
The reactor section includes four 2.5” long, 2” outer diameter (OD) cylindrical sections 
containing a 2” long section of 600 cpsi brazed metal monolith. Each 2.5” section was 
wash-coated with a proprietary platinum (Pt) and rhodium (Rh) containing reforming 
catalyst (Johnson Matthey HiFUEL R44) prior to being welded together. The reactor 
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assembly was then installed in a custom exhaust manifold where slots at the inlet of the 
reactor tube allowed exhaust gases to enter and mix with injected vaporized diesel fuel 
prior to entering the first catalytic section. The end of the reactor tube was designed to 
utilize existing stock EGR pathways where the reformate first enters an EGR cooler prior 
to being mixed in with intake air.  
In the first set of experiments, a commercial diesel particulate filter regeneration 
vaporizer was situated near the end of the reactor to inject fuel vapor into the catalyst tube. 
This vaporizer had a power rating of 84 W and a maximum flow rate of 0.38 LPM, above 
which poor vaporization led to liquid fuel escaping. The vaporizer was powered by a 12 V 
power supply separate from the pump power supply. To improve the vaporization of diesel 
fuel for the second set of experiments, a custom vaporizer was designed to maintain high 
flow rates. A 750 W cylindrical cartridge heater was inserted into a custom aluminum 
manifold where diesel flow was circulated within two channels along either side of the 
cartridge. A variable transformer and temperature controller were used to control and limit 
the power and temperature of the vaporized diesel fuel for the second set of experiments. 
The vaporizer used approximately 525 W of power throughout the duration of the second 
study.  
A distribution plate was situated near the outlet of the vaporizer nozzle to promote 
mixing between diesel vapor and exhaust gases prior to entering the catalyst sections. A 
low flow needle valve was used to control the flow rate to the vaporizer, while a digital 
scale was used to measure the time rate of change of fuel mass using a NI LabVIEW 
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program. A Coriolis fuel flow meter was used to measure the directly injected diesel fuel 
flow.  
Preliminary testing of the reactor discovered a substantial issue where a portion of the 
vaporized diesel was bypassing the reforming section and flowing directly into the exhaust 
[111]. To address this issue during the second set of experiments, the slots were restricted, 
and the vaporizer injector was elongated and situated such that exhaust flow through the 
slots would minimize any bypass through the reactor. All fuel bypass was accounted for in 
data processing for the second set of experiments where a carbon mole balance was used 
to correct the data presented. 
 
Figure 22: Schematic of REGR experimental engine setup. Dotted lines represent gas 
sampling lines 
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A schematic of the experimental setup for both tests can be seen in Figure 22. Omega 
Type K Thermocouples were installed in the exhaust and the EGR intake port of the 
modified manifold while two sampling ports were situated to enable measurement of both 
exhaust gases and reformer outlet concentrations. Gaseous emissions from the exhaust and 
the intake manifold were measured using an AVL FTIR equipped with a FID and 
paramagnetic oxygen analyzer. An AVL MSS was used to measure soot emissions with a 
dilution ratio of approximately 12:1 using compressed air while an ARI LGA was used to 
measure dry reformer outlet products. 
High speed in-cylinder pressure data were collected at each testing condition during 
the second set of experiments using the stock pressure transducers and a 0.1 CAD 
resolution BEI H25 incremental optical encoder, which was mounted on the engine crank. 
100 cycles were sampled for a total of 720,000 data points per cylinder for each testing 
condition. Unfortunately, these transducers lacked the sufficient signal quality to perform 
heat release analysis, however they were adequate for reporting the location of peak 
pressure (LocPP), which has been considered to be a strong function of combustion phasing 
in the literature [50].  
6.2 Experimental Procedure 
During the initial set of REGR operability range experiments, a sweep of EGR rate was 
conducted at each condition, where the upper limit was restricted to when EGR inlet 
temperatures reached greater than 500 C and the lower limit was restricted to temperatures 
lower than 350 C. The upper bound was set to prevent catalyst burn out and the lower 
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bound to ensure the catalyst remained lit. Engine operating conditions are given in Tables 
7 and 8, where the variables in Table 8 under Reforming Conditions 1 and 2 define the 
engine variables that were altered to maintain a constant total diesel fuel flow. Two engine 
modes (1500-4 and 2000-6) were chosen as they are representative of frequent engine 
operating points during a test cycle. Two reformer flow conditions were tested with 
Condition 1 being a high flow case, and Condition 2 being a low flow case for each engine 
speed-load case to test the operability regime of exhaust gas reformation. A two-injection 
CDC mode was also tested at various EGR rates to compare with the reforming cases. 
Injection timing was not altered during REGR cases. 
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Table 7: CDC engine operating parameters for initial REGR operability range test 
Combustion Mode 4 bar 5 bar 
Conventional Diesel Combustion 
Engine Speed [rpm] 1500 2000 
Engine Load [N-m] 64.0 80.0 
Inj. Pressure [bar] 675 950 
Main Inj. Timing [DBTDC] 6.50 7.00 
Main Inj. Duration [μs] 630 545 
Pilot Inj. Timing [DBTDC] 18.0 15.0 
Pilot Inj, Duration [μs] 290 275 
Direct Inj. Diesel Flow [g/s] 0.667 1.03 
EGR Rate [%] 8-15 5-13 
VGT [%] 45.0 0.00 
VSA [%] 36.0 30.0 
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Table 8: REGR initial operability range engine operating parameters. Variables represent 
values that were altered compared to CDC operation 
Combustion Mode 4 bar 5 bar 
Reforming Condition 1 
Main Inj. Duration [μs] 540 425 
Direct Inj. Diesel Flow [g/s] 0.431 0.639 
Vaporizer Inj. Pressure [bar] 2.76 4.14 
Vaporizer Flow [g/s] 0.240 0.385 
GHSV [1/hr] 3,800-7,500 2,800-7,400 
FEF [%] 35.5 38.0 
Reforming Condition 2 
Main Inj. Duration [μs] 550 435 
Direct Inj. Diesel Flow [g/s] 0.453 0.742 
Vaporizer Inj. Pressure [bar] 2.76 4.14 
Vaporizer Flow [g/s] 0.217 0.291 
GHSV [1/hr] 4,000-7,000 2,800-7,000 
FEF [%] 32.5 28.5 
 
For the second set of experiments, the test engine was operated over a range of EGR 
rates, main diesel injection timing, and main diesel injection duration for two different 
vaporizer flow rate settings in addition to CDC operation. These two vaporizer flow rate 
settings represent the operating conditions that maintained sufficient RCCI engine stability. 
  80 
Main and pilot diesel injection timing were advanced significantly after the reformer was 
considered active. Sweeps of EGR rate and main injection timing and duration were 
conducted while the engine was running in an RCCI mode. Table 9 lists the chosen 
pertinent engine and reformer operating conditions and settings.  
For both sets of experiments, the engine was first allowed to warm up and reach steady 
state before data collection began. For REGR conditions, the catalyst became active when 
exhaust temperature reached 300 C, therefore the supplementary vaporized diesel fuel was 
introduced into the reforming reactor once temperatures reached adequate levels. The 
reactor was considered active when reformer outlet temperatures were higher than exhaust 
manifold temperatures. The main diesel injection duration was reduced at each condition 
to maintain a constant total diesel fuel flow rate throughout all operating conditions. 
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Table 9: REGR based RCCI engine operating conditions tested including CDC and two 
FEF modes representing the fraction of overall diesel fuel provided to the REGR reactor 
 CDC 37% FEF 44% FEF 
Engine Speed [rpm] 1500 1500 1500 
Total Fuel Flow [kg/hr] 2.05 2.05 2.05 
BMEP [bar] 3.3 1.6-3.2 2.7-3.3 
Inj. Pressure [bar] 675 675 675 
Main Inj. Timing [DBTDC] 6.5 38-50 28-42 
Main Inj. Duration [μs] 580 500 460 
Pilot Inj. Timing [DBTDC] 18 65 65 
Pilot Inj. Duration [μs] 290 290 290 
EGR Rate [%] 15.7-19.5 15.7-19.5 15.7-19.5 
Vaporizer Pressure [bar] - 3.4 3.4 
Vaporizer Diesel Flow [kg/hr] - 0.75 0.92 
Reformer GHSV [hr-1] - 8,000-9,000 7,100-8,400 
6.3 Results and Discussion (Initial REGR Operability Range Experiments) 
For initial range finding experiments, the GM A20DTH diesel engine equipped with a 
thermally integrated reformer was operated over a range of EGR rates for each operating 
mode detailed in Tables 7 and 8 with diesel as both the primary and secondary fuels. Total 
diesel fuel flow was maintained constant with respect to CDC operation for all reforming 
cases, allowing load to change. Diesel injection timing was not altered during this set of 
experiments. 
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6.3.1 Engine Performance 
Overall, the integrated reformer achieved maximum FEFs of 35.5% for the 1500-4 
cases and 38% for the 2000-5 cases. BTE and BMEP results can be seen in Figure 23 for 
both reforming conditions as a function of EGR. The gas hourly space velocity (GHSV) of 
the reformer was between 2,800 and 7,500 1/hr during these initial experiments. Both BTE 
and BMEP decreased for all reforming conditions compared to CDC with no reforming; 
however, EGR rate had very little impact. This drop in BTE was due mainly to two factors: 
1) heating value loss of the fuel through the oxidative reforming process, and 2) bypass of 
diesel vapor which short-circuited into the exhaust stream through the machined slots and 
out through the turbocharger. This decreased BTE was reflected in the reduced BMEP 
since the overall fuel flow rate was maintained constant for each speed-load case. 
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Figure 23: Brake thermal efficiency and brake mean effective pressure for the a) 1500-4 
experiments and b) 2000-5 experiments 
6.3.2 Thermally Integrated Reformer Performance 
Reformer outlet H2 and O2 concentrations and temperatures measured at the inlet and 
outlet are shown in Figures 24 and 25 for the 1500-4 and 2000-5 experiments, respectively. 
Hydrogen concentrations at the reactor outlet were mostly constant as a function of EGR. 
Reformer equivalence ratios decrease with increasing EGR mass flow for a given reformer 
fuel flow rate. Decreasing oxygen concentration in the engine exhaust with increasing EGR 
dampens this effect. Engine outlet oxygen concentrations ranged from 10 to 14%. Minor 
variations in hydrogen production are mainly attributed to changes in catalyst conversion 
and selectivity. 
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Figure 24: Reformer outlet H2 and O2, and reformer inlet and outlet temperatures for the 
1500-4 experiments 
 
Figure 25: Reformer outlet H2 and O2, and reformer inlet and outlet temperatures for the 
2000-5 experiments 
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As seen by the O2 concentrations at the reformer outlet, the catalyst did not completely 
reform the fuel. In general, conversion is expected to increase with increasing operating 
temperatures [70,103,104]. The maximums of O2 concentration seen in Figures 24 and 25 
represent a tradeoff between increasing temperature with EGR, also seen in the figures, 
and stoichiometry. Exothermic oxidation reactions increase with decreasing EGR 
(decreasing reforming equivalence ratio). In addition, reactor conversion efficiency is 
highly dependent on catalyst selectivity. The catalyst used in this study was a precious 
metal catalyst containing Rh and Pt, where Rh is known to result in high concentrations of 
syngas products (CO and H2) while Pt allows a low light-off temperature but results in 
mainly combustion products (CO2 and H2O). This preliminary work did not measure 
hydrocarbons from the reformer outlet sampling position since high hydrocarbon 
concentrations over-ranged the FTIR analyzer. During the second round of testing, an FTIR 
sampling port was installed at the intake of the engine where intake air acted as dilution for 
the EGR stream and allowed sampling of reformer outlet concentrations. 
6.3.3 Engine-Out Emissions 
Brake specific engine outlet gaseous and soot emissions for the 1500-4 and 2000-5 
cases are shown in Figures 26 and 27, respectively. For all cases, use of REGR resulted in 
lower NO and soot emissions, but increased NO2, CO, and THC emissions when compared 
to CDC. The decrease in NO was negated by an equal increase in NO2, resulting in no 
change to NOX emissions between REGR and CDC cases. Similar to the fumigation and 
PFI studies, this trend is likely due to the increased THC emissions seen during the REGR 
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cases, where these unburned hydrocarbons are oxidizing NO to NO2 through the HO2 
mechanism. In addition, due to the nature of this dual-fuel strategy, the vaporized diesel 
injected into the exhaust manifold can also facilitate this conversion, as exhaust 
temperatures increased to levels in range of NO to NO2 conversion while the exhaust 
reformer was active. The increased CO emissions are a good indication of incomplete 
combustion, which also results in increased THC emissions. Overall, these emissions 
results indicate that the use of REGR with no modifications to engine injection timing is 
very similar to conventional dual-fuel combustion such as the fumigation and PFI studies 
presented earlier. Short circuiting of diesel vapor through the reactor slots and liquid diesel 
droplets that likely escaped the vaporizer at high flow conditions was a source of increased 
THC emissions found during both REGR testing modes. Soot emissions did not follow a 
uniform trend for the 4 bar case but decreased overall for the 5 bar case. As expected, soot 
emissions from the CDC case increase with increasing EGR; however, the use of REGR 
caused soot to decrease with increasing EGR. At high FEF, less fuel is being directly 
injected into the engine, and as EGR increases, more fuel is introduced as a premixed 
charge, which shifts combustion to a more premixed mode, which is known to decrease 
soot.  
  87 
 
Figure 26: Engine out NOX, CO, THC, and soot emissions for the 1500-4 experiments 
 
Figure 27: Engine out NOX, CO, THC, and soot emissions for the 2000-5 experiments 
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6.3.4 Numerical Modeling to Characterize Operating Regimes 
To better understand the on-board reforming process, a two-reactor model was 
developed in Matlab using Cantera and used to determine optimal operating regimes 
without alteration to injection timing. It is computationally challenging to fully incorporate 
an engine model with appropriate chemistry for both in-cylinder combustion and on-board 
reforming.  However, estimates for reforming equivalence ratio and thermal efficiencies 
were required. To simplify this, the two-reactor model assumes that both diesel combustion 
and reforming reactions reach chemical equilibrium. This assumption holds true when the 
residence time for the catalytic reaction is sufficiently long, and if the main engine 
combustion is complete, with H2O and CO2 being the main products. The model also 
assumes adiabatic conditions for both the reformer and engine for simplicity and because 
matching reactor outlet temperatures was not the purpose of this model. Finally, all 
reactions were considered homogeneous, which is valid for the reformer, but there are some 
limitations on the engine side as diesel engine combustion is not homogeneous and can 
result in significant unburned hydrocarbons. A reduced n-heptane mechanism, developed 
by LLNL [128] was used to approximate ULSD for equilibrium calculations. Incomplete 
fuel conversion was modeled by allowing a portion of the fuel to the reformer to pass 
through unreacted. The exact amount was determined by matching simulated reformer 
products with LGA-measured H2, CO, and CO2 concentrations. An iterative approach was 
taken to solve the two-reactor model. In the first step, air and diesel were injected into the 
engine reactor block to simulate diesel combustion. The model then equilibrated the 
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mixture to predict exhaust species distribution. The exhaust mass flow rate was then scaled 
by a given EGR rate and mixed with additional diesel to model diesel vapor added to the 
reformer. Again, the mixture was equilibrated to predict the reforming products through 
the reactor. The products from the reformer then mixed with air and the main diesel 
injection before entering the engine reactor. The model iterated this loop until the residual 
of engine exhaust temperature reached 10-6 C.  
Contour plots of the injected fuel flow mass flow rate with reformer equivalence ratio 
and EGR as variables for both 1500-4 and 2000-5 cases were generated and can be seen in 
Figures 28 and 29. The plots illustrate the operational regimes for any REGR engine system 
operating at similar total diesel fuel flow rates. Because the EGR stream contains the 
necessary oxygen for reforming, selecting an EGR rate and desired local reformer 
equivalence ratio for a given engine condition constrains reformer fuel flow; therefore, FEF 
given total fuel flow remains a constant. During the experiments, FEF was held constant 
for each reforming condition when sweeping EGR. Higher EGR led to increased oxygen 
in the reactants, lowering ref and increasing reformer outlet temperatures. The contour 
plots were generated with a resolution of 0.25 for ref and 1.25% for EGR. Experimental 
data are also plotted in the figures, where the vertical red line represents the upper bound 
where we wanted to prevent catalyst burn out due to high reactor outlet temperatures. As 
seen in Figure 28 for the 1500-4 condition, the reactor was operated at relatively lean 
equivalence ratios (ref < 3) while the 2000-5 condition (Figure 29) was richer. LGA 
measurements at the outlet of the reformer validated these trends. For the 1500-4 condition, 
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reforming products from the LGA had relatively low THC (~10,000 ppm), indicating 
efficient hydrogen production from favorable equivalence ratios. The 2000-5 condition 
however yielded higher THC (~60,000 ppm), suggesting increased light hydrocarbon 
production at higher equivalence ratios and lower hydrogen production.  
 
Figure 28: FEF contour map for the 1500-4 REGR condition 
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Figure 29: FEF contour map for the 2000-5 REGR condition 
Contour plots of reformer thermal efficiency as a function of reformer equivalence ratio 
and EGR can be seen in Figures 30 and 31 for the 1500-4 case and the 2000-5 case, 
respectively. The reformer thermal efficiency (ref) estimates the amount of chemical 
energy that is lost through the reactor and is defined as the ratio of heating value of the 
reformed fuel over the inlet fuel including UHC in the engine exhaust: 
𝜂𝑟𝑒𝑓 =  
(∑ ?̇?𝑓𝑢𝑒𝑙𝐿𝐻𝑉𝑓𝑢𝑒𝑙)𝑟𝑒𝑓,𝑜𝑢𝑡
?̇?𝑑𝑖𝑒𝑠𝑒𝑙,𝑣𝑎𝑝𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙+ (∑ ?̇?𝑓𝑢𝑒𝑙𝐿𝐻𝑉𝑓𝑢𝑒𝑙)𝑒𝑛𝑔𝑖𝑛𝑒,𝑜𝑢𝑡
  (Eq. 17) 
For the majority of the regimes, ref is only affected by local reformer equivalence ratio, 
and independent of EGR and mixture composition. In general, as local reformer 
equivalence ratio increases, ref increases. However, experimental data presented in 
Figures 24 and 25 indicate that increasing reformer equivalence ratio is not always 
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beneficial to H2 production rates. At higher equivalence ratios, H2 production deteriorates 
due to low reactor temperatures causing poor catalytic activity. Therefore, REGR systems 
must be operated within a desired window to maximize system performance. 
 
Figure 30: Reformer thermal efficiency contour map for the REGR 1500-4 condition 
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Figure 31: Reformer thermal efficiency contour map for the REGR 2000-5 condition 
6.4 Results and Discussion (REGR Based LTC Experiments) 
Once initial testing validated the feasibility of a diesel engine operating with an REGR 
system, additional experiments were conducted to explore the prospect of this system to 
achieve LTC conditions. The GM A20DTH diesel engine was operated over a range of 
EGR rate, main injection timing, and main injection duration with diesel as both the 
primary and secondary fuels. Main and pilot injection timing were advanced significantly 
to enable LTC operation. Both REGR cases reached stable RCCI operation with 
simultaneously low soot and NOX emissions.  
Reformer performance was experimentally estimated using two metrics, reformer 
efficiency (ref) and catalyst conversion efficiency (conv), defined in Equations 17 (shown 
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previously) and 18. Conversion efficiency measures the percentage of diesel fuel that was 
reacted through the reformer. This was calculated by subtracting the speciated hydrocarbon 
data from the FID measured THC assuming the difference is diesel fuel. 
𝜂𝑐𝑜𝑛𝑣 =  
𝐷𝑖𝑒𝑠𝑒𝑙𝑟𝑒𝑓,𝑖𝑛 − 𝐷𝑖𝑒𝑠𝑒𝑙𝑟𝑒𝑓,𝑜𝑢𝑡
𝐷𝑖𝑒𝑠𝑒𝑙𝑟𝑒𝑓,𝑖𝑛
    (Eq. 18) 
Local reformer equivalence ratio (ref) and steam to carbon (S/C) ratios were calculated 
using Equations 19 and 20. AFRstoich represents the stoichiometric air fuel ratio and Y refers 
to the mass fraction of each constituent.  
𝜙𝑟𝑒𝑓𝑜𝑟𝑚𝑒𝑟 =  
𝐴𝐹𝑅𝑠𝑡𝑜𝑖𝑐
𝑌𝑂2,𝑒𝑥ℎ
𝑌𝑇𝐻𝐶,𝑒𝑥ℎ+𝑌𝑑𝑖𝑒𝑠𝑒𝑙,𝑟𝑒𝑓 𝑖𝑛
    (Eq. 19) 
(
𝑆
𝐶
)
𝑟𝑒𝑓𝑜𝑟𝑚𝑒𝑟
=  
𝑌𝐻2𝑂,𝑒𝑥ℎ
𝑌𝑇𝐻𝐶,𝑒𝑥ℎ+𝑌𝑑𝑖𝑒𝑠𝑒𝑙,𝑟𝑒𝑓 𝑖𝑛
    (Eq. 20) 
To calculate reformer performance metrics from experimental measurements, a CO2 ratio 
between the intake FTIR measurement and the reformer outlet LGA measurement was used 
to estimate reformer outlet compositions from speciated intake FTIR concentrations. The 
amount of diesel entering the reactor was determined by taking the difference between the 
estimated THC mole fraction at the outlet of the reformer measured by the FID and the 
exhaust THC measurements, assuming diesel fuel as the only fuel reactant in the reformer. 
The diesel fuel bypass was then determined by comparing the measured diesel flow 
provided by the vaporizer and the calculated value, along with the local reformer 
equivalence ratio and S/C ratio. FTIR measurements for water concentration were used for 
calculating S/C, and all unburned hydrocarbons from the engine exhaust were included in 
the equivalence ratio calculations.  
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6.4.1 Attainment of “Single Fuel” RCCI 
To demonstrate RCCI combustion, the engine was operated with constant fuel flow, 
FEF, and EGR rate while main injection timing was advanced significantly to alter the 
degree of premixed combustion occurring in the cylinder. Figure 32 presents the engine 
out emissions of NOX, soot, CO, and THC as a function of main injection timing while 
Table 10 lists relevant engine and reformer performance values for the baseline RCCI and 
CDC operating points. Vertical dotted lines in Figure 32 represent data values reported in 
Table 10, while horizontal red lines indicate CDC operation. Single fuel RCCI operation 
was achieved at a main injection timing of 32 DBTDC for the 44% FEF case, and 40 
DBTDC for the 37% FEF case as seen by the simultaneous decrease in soot and NOX as 
main injection timing was advanced. At 44 DBTDC, an instability point can be seen for 
the 37% FEF case. This repeatable condition experienced increased incomplete 
combustion as seen by the significantly increased CO and THC emissions, however 
maintained simultaneously low soot and NOX emissions. In-cylinder diesel injector spray 
targeting was likely a factor leading to this instability point, however further investigation 
was outside the scope of this work. 
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Figure 32: Engine out NOX, soot, CO, and THC emissions as a function of main 
injection timing. Pilot fuel injection timing was held constant at 65 DBTDC. Vertical 
dotted lines represent data values reported in Table 10, while horizontal red lines indicate 
CDC values. 
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Table 10: Engine and reformer performance results for 46 DBTDC (37% FEF) and 40 
DBTDC (44% FEF) main injection timings. The CDC condition at the same EGR rate is 
also reported for reference. 
 CDC 37% FEF 44% FEF 
BTE [%] 34.1 27.9 30.7 
LocPP [DATDC] 4.62 9.34 8.15 
CE [%] 99.8 87.4 93.1 
Reformer  - 3.44 3.87 
Reformer S/C - 0.690 0.670 
Reformer Efficiency (ref) - 91.6 91.2 
Conversion Efficiency (conv) - 37.0 37.7 
Reformer Outlet H2 [%] - 10.3 10.6 
Reformer Inlet T [K] - 508 511 
Reformer Outlet T [K] - 691 703 
 
Similar to dual-fuel RCCI systems, the LTC conditions achieved by the single fuel 
REGR configuration reached near zero levels of soot and NOX emissions, but significantly 
higher CO and THC emissions when compared to CDC operation [4,44,46,52,53,56]. The 
increases in CO and THC emissions are coupled with lower combustion efficiencies seen 
in Table 10, which also results in slightly lower BTE. The drop in BTE can also be 
attributed to ref, as any chemical energy lost in the reactor must be compensated for by 
increased cycle efficiency. LocPP retarded during REGR operation when compared to 
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CDC operation, indicating a more distributed heat release common to RCCI combustion 
modes. 
Reformer and conversion efficiencies remained near constant for each FEF case when 
sweeping main injection timing. At higher FEF, where more diesel fuel is injected through 
the reformer compared to the main injection, local reformer equivalence ratios increased 
while S/C decreased. In addition, O2 concentrations at the outlet of the reformer was 0% 
for all cases tested, meaning all available oxygen (~13%) present in the exhaust stream was 
consumed. Although ref was greater than 90% for all cases, conversion efficiencies were 
only approximately 40% meaning unreacted diesel fuel constitutes a significant portion of 
the reformer outlet composition. In addition, as conv decreases, ref increases, preserving 
the chemical energy of the reactants through the reactor. These results indicate that this 
REGR configuration only requires a sufficient level of reactor conversion efficiency at a 
given engine speed and load to generate enough low reactivity reformate to enable RCCI 
combustion. 
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Figure 33: Engine BMEP, BTE, NOX emissions, and main injection diesel flow rate as a 
function of FEF for a main fuel duration sweep 
In order to explore the impact of reformate fuel reactivity on RCCI combustion and 
engine stability, Figures 33 and 34 present the results from a main injection duration sweep 
where vaporizer fuel flow rate remained constant at two separate settings, but total fuel 
flow increased overall (decreasing FEF).  The rightmost points on each series represent the 
baseline FEF conditions given in Figure 32 and Table 10. BMEP increased with greater 
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total fuel flow rate and with decreasing FEF as expected. Engine BTE however decreases 
while NOX increases significantly with decreasing FEF, illustrating a shift away from LTC 
and towards conventional dual-fuel combustion. Reformer conversion efficiency increased 
with increasing FEF (decreasing main diesel injection flow rate) due to higher 
concentrations of oxygen but lower temperatures at the inlet of the reformer. It can be 
concluded that a minimum FEF is required for a given engine speed and load to maintain 
stable RCCI operation.   
 
Figure 34: Reformer conversion efficiency, inlet O2 concentration, and inlet temperature 
as a function of FEF for a main fuel duration sweep 
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6.4.2 Impact of EGR on RCCI Engine Performance and Emissions 
Once the RCCI operability range was explored through varying main injection timing 
and duration, additional experiments were conducted to examine the effect of EGR rate on 
single fuel RCCI operation. Total diesel fuel flow rate and engine speed was held constant 
for CDC and each FEF condition. Figure 35 presents relevant reformer performance 
metrics as a function of EGR. Local ref decreased with increasing EGR, mainly from 
increased oxygen content at a given reformer fuel flow and increasing S/C from more water 
present in the EGR gas. However, decreasing O2 concentration in the engine exhaust with 
increasing EGR rate dampened this effect. For the 44% FEF case, ref became too rich, 
causing lower hydrogen production when compared to the 37% FEF case. Disparities in 
H2 production with varying EGR can be attributed to changes in catalyst conversion and 
selectivity as a function of GHSV. In addition, slight increases in local reformer 
temperatures with increasing EGR promoted increased hydrogen production in the reactor. 
It is interesting to note that neither EGR rate nor FEF had an effect on ref and conv as 
seen in Figure 35. Similar to the main injection timing sweep, reforming efficiencies 
remained high (> 90%), while conversion efficiencies were maintained around 40% for 
both FEF cases. Conversion efficiencies for the 37% FEF case were consistently higher 
than the 44% case, a result corresponding to the increased H2 concentrations at the reformer 
outlet. This increase in hydrogen output can be explained by the higher S/C ratios seen 
during the 37% FEF case.  
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Figure 35: Local reformer equivalence ratio, molar S/C ratio, reforming efficiency, 
conversion efficiency, reformer outlet H2 mole fraction, and reformer outlet temperature 
as a function of EGR % 
As the molar S/C ratio approached 1, SR and WGS reactions in the reactor near their 
stoichiometric ratios. Because all O2 content available in the EGR stream was consumed 
in the POX reaction, and the reactor was operating in very rich conditions, any increase in 
water content presents additional reactants for both the SR and WGS reactions. At S/C < 
1, water is the limiting reactant, so higher hydrogen output can be expected from increased 
availability of water (increased S/C). However, conversion efficiencies, which are 
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calculated using diesel flows, did not vary with increasing S/C, therefore the increases in 
hydrogen must be attributed to the reforming of smaller hydrocarbons that result from 
incomplete oxidation reactions of the parent diesel fuel. 
Even though reformer performance was near constant for all EGR and FEF cases, 
Figure 36 shows that engine performance was affected greatly during REGR cases. Neither 
of the REGR cases achieved comparable BTE when compared to CDC operation at the 
same total fuel flow rate mainly due to loss of fuel heating value through the reformer and 
poor combustion efficiencies. Interestingly, the 37% FEF case had significantly lower BTE 
compared to the 44% FEF case. This trend can be, in part, explained by the delayed LocPP, 
which reduces the effective expansion ratio and also by the significantly lower CE, also 
seen in Figure 36. These parameters reflect the effect of different reformate compositions 
of the two FEF cases. In depth chemical analysis of reformate composition would therefore 
greatly benefit the understanding of reformer and engine performance. 
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Figure 36: Engine BTE, LocPP, and CE as a function of EGR rate 
Hydrogen addition into diesel engines is well known to retard the location of peak 
pressure as well as increase peak pressures due to hydrogen’s fast burning rate. Zhou et al. 
have shown that as hydrogen energy substitution increases (> 30%), the turbulent flame 
formed by the diesel fuel can lead to a second heat release peak due to any premixed 
hydrogen-air regions within the cylinder [129]. Here, the hydrogen produced from 
reformed diesel fuel accounted for 10-12% energy substitution, leading us to conclude that 
the shape of the heat release curve is likely similar to CDC with no secondary premixed 
flame peak, but with a delayed LocPP. 
From the data collected, it is apparent that higher FEF cases resulted in more partially 
reacted heavy hydrocarbon species and slightly lower conversion efficiencies, which 
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allowed for more advanced combustion and higher CE. The CE values from the 44% FEF 
case match other reported RCCI work by Fang et al. [4], while the 37% FEF case had 
significantly lower CE, indicating poor quality combustion.  
 
Figure 37: Engine out emissions as a function of EGR rate. THC is calculated on a 
Carbon 1 (C1) basis 
Figure 37 illustrates the engine out emissions including NOX, soot, CO, and THC, 
calculated on a carbon 1 (C1) basis. The results show that extremely low NOX and soot 
emissions were maintained for both FEF cases, with varying EGR rate having little impact. 
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CO and THC concentrations were elevated, with the 37% FEF case exhibiting significant 
increases in both CO and THC. This trend directly corresponds to the poor CE, where 
decreasing EGR rate caused lower CE, resulting in significantly higher unburned 
hydrocarbons and CO. This result further illustrates that reformate reactivity differences 
exist, and have a significant impact on engine performance, even with stable reformer 
performance.  
6.5 Conclusions 
In this study, a custom TCR reforming reactor was experimentally demonstrated with 
and without alterations to main diesel injection parameters. During the first set of 
experiments, the REGR operability regime was explored through a range of EGR settings, 
achieving up to approximately 35.5% FEF for the low load case, and 38% for the high load 
case. The emissions results show that the use of REGR increased CO and THC emissions 
with respect to CDC emissions with increasing EGR. However, similar to the conventional 
dual-fuel strategies, conversion of NO to NO2 due to increased unburned hydrocarbons 
resulted in no change to NOX emissions overall. However, soot emissions decreased with 
EGR in contrast to increasing during CDC operation. Overall BTE decreased during the 
reforming cases, which was mainly caused by loss of fuel LHV from the exothermic 
reforming reactions and short-circuiting of vaporized diesel through the EGR mixing slots. 
The reformed EGR process was also simulated using a simplified two-reactor model in 
Cantera using a reduced n-heptane mechanism. The model showed that as EGR increases, 
local reformer equivalence ratios become leaner, as more O2 is available in the engine 
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exhaust. The model also predicted that reformer thermal efficiencies increase at richer 
conditions. Based on the experimental and numerical results, REGR systems must operate 
within a specific window where low reformer equivalence ratios cause high catalyst 
temperatures and potential catalyst burn out and rich conditions result in low catalyst 
temperatures and poor catalyst activity. 
The results of the first experiment provided sufficient evidence that the use of REGR 
could enable RCCI combustion by using the reformate as the low reactivity fuel and by 
advancing the diesel main injection timing significantly. In the second set of experiments, 
data was collected over a range or EGR, main diesel injection timing, and duration for two 
vaporizer flow rates while the engine was operating in an RCCI regime with constant total 
fuel flow rates. The reactor was modified to reduce diesel vapor bypass by sealing half of 
the slots and elongating the vaporizer tip to be situated past the slots, while diesel 
vaporization was optimized through a custom cartridge heater block. The results indicate 
that REGR can reliably achieve RCCI combustion with simultaneously low NOX and soot 
emissions even with low reactor conversion efficiency as long as the produced reformate 
has sufficiently low reactivity compared to diesel. However, the results also show that 
while lower equivalence ratios led to higher hydrogen production from the reformer, engine 
combustion was delayed significantly at achievable diesel injection timing settings. All 
RCCI cases had lower BTE when compared to CDC at the same total fuel flow rate, but 
efficiency increased with higher FEF. 
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Overall, the results from this study indicate that REGR systems still require control 
over injection parameters to enable low temperature RCCI combustion modes to 
adequately limit NOX emissions. However, further system optimization is required to allow 
REGR based RCCI combustion systems to achieve overall system efficiency parity with 
CDC operation while maintaining low engine out soot and NOX emissions. Many factors 
limit the efficiency of these REGR systems, namely the requirement for exhaust gas mixing 
for the POX reactions, and variability in local reformer equivalence ratios. The exothermic 
POX reactions limit the operability range of REGR systems as increasing reactor 
temperatures risk overheating and burning out the catalyst. In the experiments presented, 
this requirement also resulted in significant LHV losses through diesel vapor bypassing the 
reactor through the mixing zone. However, significant redesign of the mixing zone could 
mitigate these losses. Fluctuations in available oxygen in the engine exhaust also limits 
hydrogen production and would require real-time control over vaporized diesel flow to 
maintain a constant ideal local reformer equivalence ratio, and therefore stable RCCI 
operation. Simply put, eliminating the POX reactions would avoid these challenges and 
have the potential to provide a more robust system. Strategies such as ISR where only 
exhaust heat is recycled to promote the endothermic SR reactions therefore offer the 
potential to overcome the challenges of REGR systems.  
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Chapter 7 Dual-Fuel Operation with Hydrous Ethanol Integrated 
Steam Reforming and Direct Injection of Diesel Fuel 
Although the REGR strategy successfully demonstrated simultaneous low NOX and 
soot emissions, this was only accomplished by operating in an RCCI regime with 
significant modifications to engine diesel injection strategy. When used in a fixed 
calibration engine, simple add-on of the REGR system resulted in the same results as 
previous fumigation and PFI work with decreases in NO, but increases in NO2, resulting 
in no change to NOX. Taking the results and challenges learned from the previous studies, 
experiments were conducted to investigate ISR, an iteration on the REGR strategy with a 
major difference: no POX reactions. Because SR and WGS do not require oxygen, 
eliminating the POX reaction means that exhaust gas mixing is no longer required. Instead, 
the reactor only requires fuel, water, and heat. The main objective of this part of the work 
was to experimentally realize TCR of hydrous ethanol using a thermally integrated 
reforming reactor. The work presented here will be published in 2018 at the Central States 
Section of The Combustion Institute Spring Technical Meeting and the ASME Internal 
Combustion Engine Fall Technical Conference. 
7.1 Operating Conditions and Setup 
150 proof hydrous ethanol was used in this study because both fuel and water can be 
provided together. 150 proof hydrous ethanol corresponds to a steam to ethanol ratio of 1 
(S/C = 0.5), ideal for SR and WGS reactions. A custom exhaust manifold with a thermally 
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integrated reforming reactor was designed for the John Deere 4045HF475 diesel engine to 
take advantage of exhaust heat to fuel the endothermic SR reaction. In addition, unburned 
hydrocarbons present in the exhaust were oxidized through an annular oxidation catalyst 
providing additional heat to the interior reforming catalyst and also to the post turbocharger 
heat exchanger. Figure 38 shows three isometric views of the reactor assembly. The top 
view shows the overall manifold, the middle view depicts the inner catalyst tube, and the 
bottom view highlights the oxidation catalyst sections in orange and the reforming catalyst 
sections in blue. Hydrous ethanol flowed from left to right while exhaust gases were 
diverted to flow right to left through the oxidation catalyst sections before being sent 
through the turbocharger. 
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Figure 38: Thermally integrated ISR reactor depicting a) overall manifold, b) inner 
reactor tube, and c) oxidation catalyst section (orange) and reforming catalyst section 
(blue) 
The reactor section consisted of five 5.5” long cylindrical sections, each containing 5” 
long sections of oxidation and reformation catalyst. The 5”OD outer annulus oxidation 
catalyst was made with 300 cpsi metal monolith while the 2.5” OD inner annulus reforming 
catalyst had a 600 cpsi brazed metal monolith. The lower cell density of the outer annulus 
was used to minimize pressure drop through the catalyst sections. The inner annulus section 
was coated with a proprietary Rh containing reforming catalyst (Johnson Matthey R44) 
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while the outer annulus section was coated with a Pt containing diesel oxidation catalyst 
(DOC) (Johnson Matthey AB163 Combustion Catalyst). The reactor assembly was then 
installed in an outer mantle before being inserted into the custom exhaust manifold.  
Due to the high latent heat of vaporization of water, a custom vaporizer was designed 
to maintain high flow rates of 150 proof hydrous ethanol. Two 2 kW cylindrical cartridge 
heaters were inserted in line into a custom aluminum manifold where hydrous ethanol flow 
was circulated along two channels on either side of the heaters. A temperature controller 
set to 120 C and solid-state relay was used to control the power and temperature of the 
vaporized hydrous ethanol. An Omega AC current data logger (OM-DVCV) was used to 
acquire power usage in real-time. Waste exhaust heat post-turbocharger was also utilized 
to heat the hydrous ethanol stream. A custom copper coil was installed into the exhaust 
stack where hydrous ethanol was introduced post vaporizer and flowed from top to bottom 
before entering the catalyst section of the reforming manifold. A precision needle valve 
was used to control the flow rate to the vaporizer, while a digital scale was used to measure 
the time rate of change of fuel mass using an NI LabVIEW program. A CUB5 mechanical 
fuel flow meter was used to measure the directly injected diesel fuel flow and an LFE was 
used to measure intake air rates. Reformed products were dispersed into the intake air 
stream downstream of the engine aftercooler using a compact high-flow muffler situated 
approximately 1 foot above the intake manifold inlet. 
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Figure 39: Schematic of ISR experimental setup. Dotted lines represent gas sampling 
lines 
Figure 39 shows a schematic of the experimental setup. Omega Type K Thermocouples 
were installed to measure the vaporized hydrous ethanol post vaporizer, post exhaust heat 
exchanger, reformer inlet, and reformer outlet. Gas sampling ports were situated to enable 
measurements of pre and post DOC exhaust concentrations in addition to reformer outlet 
concentrations. Gaseous emissions from the exhaust were measured using an AVL FTIR 
equipped with a FID and paramagnetic oxygen analyzer. Due to high methane 
concentrations, FTIR sampling lines were diluted at a ratio of approximately 5:1 using 
compressed air. An AVL MSS was used to measure soot emissions using a dilution ratio 
of 20:1 using compressed air, while dry reformer products were measured using an ARI 
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LGA. High speed in-cylinder pressure data were collected at each condition with the same 
configuration and sample rate as described in Chapter 5.1. 
7.2 Experimental Procedure 
Three engine speed-load cases were investigated using the ISR strategy and single-fuel 
CDC, given in Table 11 along with inner and outer catalyst GHSV. These conditions 
exhibited the most stable ISR conditions during initial range finding and reached adequate 
exhaust temperatures to activate both reforming and oxidation catalysts. The engine was 
first allowed to reach steady state under CDC operating conditions at each testing 
condition. Once the engine reached steady state with exhaust temperatures greater than 300 
C, the cartridge heaters were powered on and the aluminum block allowed to heat to the 
temperature set point. Hydrous ethanol flow was then introduced to the vaporizer block 
and subsequently to the exhaust heat exchanger coil. Vaporized hydrous ethanol reached 
250 - 450 C before entering the reactor where hot exhaust pre-turbocharger and the 
activated oxidation catalyst provided additional heat to promote the endothermic SR 
reactions. Direct injection diesel fuel flow was decreased to match engine load with 
increasing FEF. Data was taken at intervals of one minute once emissions, temperature, 
and pressure data reached steady state. The stock ECU was not altered in any way. After 
data collection was completed at each testing condition, ethanol flow was cut off and the 
engine allowed to return to CDC operation. The engine was then cycled to the next 
operating condition and allowed to reach steady state.  
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Table 11: ISR engine and reformer operating conditions 
Condition 
Engine Speed 
[RPM] 
Engine Load 
[N-m] 
BMEP    
[bar] 
Inner GHSV 
[1/hr] 
Outer GHSV 
[1/hr] 
1 1500 144 4.00 930 – 11,600 
32,900 – 
34,800 
2 2000 144 4.00 1,300 – 11,300 
46,400 – 
48,000 
3 2000 215 6.00 820 – 13,500 
47,300 – 
48,100 
7.3 Results and Discussion 
The John Deere 4045HF475 was operated over a range of hydrous ethanol flow rates 
for each operating condition with 150 proof hydrous ethanol. All values reported were 
calculated on a diesel equivalent basis. All testing was stability limited, defined as when 
any increase in ethanol fuel flow or decrease in direct injection diesel flow to match engine 
load resulted in unstable combustion or audible engine knock. 
Prior to full scale engine testing, preliminary ideal modeling of steam reformation of 
varying proofs of ethanol was conducted using Cantera software to gain an understanding 
of potential product compositions. A constant pressure equilibrium reactor was used with 
a sweep of ethanol proof from 50-195, and operating temperatures between 500-1000 K. 
The temperature range was selected based on legacy exhaust temperature data from the 
John Deere 4045HF475 test engine. No supplementary water was added to the model. 
Figure 40 portrays the results from this simulation at 700 and 900 K respectively, where 
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the vertical line represents the ethanol proof utilized in this study. The results from this 
model are indicative of an ideal scenario, where 100% of the ethanol is converted. 
 
Figure 40: Equilibrium products of ethanol steam reformation at a) 700 K and b) 900 K. 
The vertical lines in each plot represent the proof used in the experimental work. 
From the results of the equilibrium model, as reactor temperature rose, hydrogen 
production increased. As ethanol proof increases, concentrations of CH4 and CO at the 
outlet of the reactor increase. At 700 K, outlet H2 decreases with increasing ethanol proof, 
while 900 K operating temperatures show a peak hydrogen production at around 100 proof. 
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However, at 100 proof, a significant amount of water leaves the reactor unreacted, with 
minimal methane production. At 150 proof, reactor operating conditions between 700 and 
900 K result in mainly H2 and CH4 with reasonable amounts of steam and inert gases CO 
and CO2. Overall, the model provides promising evidence that integrated reforming using 
waste exhaust heat can reach adequate temperatures to readily steam reform hydrous 
ethanol. However, due to the varying selectivity of different catalysts to hydrogen, catalyst 
selection is vital. 
7.3.1 Engine Performance and Emissions 
Engine performance results for the minimum and maximum FEF case achieved at each 
condition are given in Table 12 in addition to CDC operation results. Vaporizer power 
usage was included in all pertinent calculations. CE and AFR decrease with increasing FEF 
for conditions 1 and 2, but remained near CDC levels for condition 3. The decrease in CE 
is largely due to charge cooling effects from steam as it is introduced in increasing 
quantities with increasing FEF. BTE decreased for the two low load conditions (1 & 2) but 
increased for the high load case. This trend is coupled to the BSFC, which increased for 
conditions 1 and 2, but decreased at high FEF during condition 3. The results suggest that 
implementation of the ISR strategy is more beneficial at higher engine loads and FEF 
where increased in-cylinder temperatures allows for diesel like CE, higher BTE, and lower 
BSFC.  
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Table 12: Engine performance parameters at minimum and maximum FEF achieved 
Condition Operation 
FEF    
[%] 
BSFC 
[g/kW-hr] 
BTE       
[%] 
CE         
[%] 
A/F 
Ratio 
1 
Diesel 0.00 248 33.9 99.9 35.3 
ISR Min 6.12 249 33.7 99.1 37.0 
ISR Max 68.3 289 29.1 97.1 31.4 
2 
Diesel 0.00 252 33.4 99.9 36.2 
ISR Min 5.77 262 32.1 99.3 35.4 
ISR Max 48.2 265 29.6 98.2 32.6 
3 
Diesel 0.00 245 34.3 99.9 26.0 
ISR Min 2.69 249 33.8 99.9 27.0 
ISR Max 45.8 236 35.7 99.7 25.0 
 
Figure 41 shows the in-cylinder pressure and calculated apparent RoHR for Condition 
1 for three selected FEF cases and CDC. The premixed heat release event appears at FEF 
greater than 50%, while the diffusion heat release event decreases in magnitude with 
increasing FEF. This shift is indicative of the engine combustion shifting to a more 
premixed mode with increasing FEF. Zhou et al. have shown a similar trend where the 
second heat release peak became evident once hydrogen replacement reached greater than 
30% [129]. Combustion phasing, as calculated by CA50 and burn duration (CA90 – CA05) 
trends can be seen in Figure 42. Conditions 1 and 2 showed little change in combustion 
phasing with increasing FEF, while condition 3 has a clear advancing CA50 trend. Burn 
duration for all cases decreased with increasing FEF, with the high load case (condition 3) 
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exhibiting the greatest decrease. These trends are primarily due to the increased premixed 
portion of combustion with increasing FEF. In addition, reformate composition has a 
significant impact on engine combustion characteristics as hydrogen has a fast flame 
propagation speed while methane is relatively slow [129].  
 
Figure 41: In-cylinder pressure traces and apparent RoHR for Condition 1 (1500-4) 
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Figure 42: Combustion phasing (CA50) and burn duration (CA90 – CA05) as a function 
of FEF for all conditions tested 
At low FEF, the reformate leaving the reactor burns with the diffusive diesel flame as 
indicated by the single peak heat release. As FEF increases, a bimodal heat release begins 
to take shape, indicating that the concentration of slow burning methane is increasing. 
However, the fast burning velocity of hydrogen is able to still reduce the burn duration, 
especially during the high load case (Condition 3). Zhou et al. have shown that hydrogen 
can improve methane’s combustion process while methane addition is capable of making 
hydrogen combustion smoother and more stable to avoid engine knock [130]. Their work 
also showed that hydrogen should be added at higher loads to achieve higher combustion 
efficiencies, a result which was also seen in this work. For example, condition 3 in this 
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study exhibited CDC like CE at high FEF, whereas the lower load cases experienced lower 
CE with increasing FEF.  
Similar to previous fumigation and PFI work, CO emissions increase drastically with 
increasing FEF at engine out conditions, as shown in Figure 43. However, reactions 
occurring within the oxidation catalyst reach sufficiently high temperatures to promote the 
oxidation of CO to CO2, reducing emitted CO emissions to near CDC levels. The increases 
in CO pre-DOC were more dominant at low load cases, while the high load case (Condition 
3) experienced a minor increase before decreasing at high FEF. This trend is validated by 
the high CE seen at high FEF for condition 3 and provides further evidence that ISR 
operation is most beneficial at high engine load.  
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Figure 43: Brake specific CO emissions from pre and post DOC as a function of FEF  
THC emissions as measured by the FID follow the same trend as CO, depicted in Figure 
44. Unlike the fumigation and PFI studies, no unburned ethanol was emitted from the 
engine at every testing condition. Instead, THC emissions consisted mainly of CH4, 
depicted in Figure 45. This provides evidence that either the reformer was achieving near 
full conversion of the ethanol or any ethanol coming out of the reformer was oxidized 
during combustion. However, our previous work with dual-fuel hydrous ethanol has shown 
that even at low flow rates, the addition of ethanol results in increased unburned ethanol 
  123 
emissions. This means that it is more likely that the reformer was achieving near full 
conversion of hydrous ethanol for all cases.  
At low load conditions, a significant amount of unburned HC’s, were emitted from the 
engine, indicative of incomplete combustion due to lower operating temperatures. At 
higher loads, increased in-cylinder temperatures promoted higher CE and more reformate 
is burned, as seen by the lower CH4 emissions in Figure 45. It is also interesting to note 
that CH4 emissions reach CDC levels at high FEF for condition 3 where engine BTE 
eventually surpasses CDC levels. This implies that in addition to operating at high load 
conditions, ISR systems offer the most benefits at high FEF. However, because the 
reformate is introduced mixed with intake air, valve overlap allows this premixed charge 
to short-circuit, which is why even at 99.7% CE, high FEF conditions at high load 
(Condition 3) still have some methane in the exhaust. Lower THC emissions at the DOC 
outlet is indicative of active oxidation catalyst activity providing additional heat transfer to 
the endothermic steam reforming reactions occurring within the interior catalyst section.  
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Figure 44: Brake specific THC emissions as measured by the FID from pre and post 
DOC as a function of FEF 
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Figure 45: Brake specific CH4 emissions from pre and post DOC as a function of FEF 
Figure 46 depicts brake specific soot concentrations for all tested conditions, where the 
solid horizontal line represents the EPA Tier 4 standard for non-road diesel engines, 
assuming a conversion factor of 0.5 from PM to soot [131,132]. Overall, soot emissions 
decrease drastically, reaching near 90% reduction from CDC levels. At high FEF, the use 
of ISR allows the EPA Tier 2 rated engine to reach near EPA Tier 4 emissions standards. 
As FEF increases, engine combustion shifts towards a more premixed zone, with 
significantly less directly injected diesel, which in turn lowers soot. The addition of 
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hydrogen also increases the presence of OH radicals, which have been shown to reduce 
soot emissions [18]. Future work should consider soot sampling pre-DOC to investigate 
this trend.  
 
Figure 46: Brake specific post DOC soot emissions as a function of FEF. Solid 
horizontal line represents EPA Tier 4 Standard for non-road diesel engines 
7.3.2 Experimental NOX Emissions from Dual-Fuel ISR Operation 
Brake specific NO and NO2 emissions are presented in Figure 47, while Figure 48 
shows engine out NOX emissions. Similar to previous work with hydrous ethanol, engine 
out NO emissions decreased with increasing FEF, while NO2 increased. The decrease in 
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NO is in part from any residual steam left in the reformate, causing lower in-cylinder 
temperatures through charge cooling. However, excess CH4 present during the expansion 
stroke facilitating the conversion of NO to NO2 was more likely the main contributing 
factor of this trend. Conditions 1 and 2 had the most significant reduction in NO with 
increasing FEF and corresponding increase in NO2, while NO in condition 3 initially 
decreases, but then increases at high FEF. These trends are linked to the unburned CH4 
emissions depicted in Figure 45, where increasing unburned methane emissions caused 
lower NO emissions but higher NO2 emissions. Methane also has a propensity to convert 
NO to NO2 as seen previously in Figure 16 between 900 – 1200 K. Similar to ethanol, 
methane reacts with OH radicals, but forms CH3, which oxidizes to CH3O2. CH3O2 then 
reacts with NO to form NO2 and CH3O, where CH3O forms formaldehyde and additional 
HO2 radicals to further facilitate NO to NO2 conversion. For condition 3, methane 
emissions initially increased with FEF before returning to near CDC levels at high FEF. 
This corresponds to the NO and NO2 trends where NO initially decreases due to increased 
unburned methane, but then increase back to CDC levels at high FEF.  
These trends in engine out NO and NO2 are reversed post DOC, where the presence of 
UHCs (mainly CH4) and CO promote the conversion of NO2 to NO [133,134]. Katare et 
al. have shown that DOCs are able to generate NO2, and also let engine out NO2 pass 
through when inlet temperatures are greater than 250 C, but only after all reductants (CO 
and UHC) have been oxidized [133]. However, in the presence of excess CO and UHC, 
NO2 is reduced to NO. DOC inlet and outlet temperatures can be seen in Figure 49. As 
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expected, DOC outlet temperatures increased with FEF, as UHCs were oxidized, except 
for condition 3 where the CEs were high. Although DOC inlet temperatures were high, 
increased CO and UHCs in the exhaust favor the reduction of NO2 to NO within the DOC, 
as seen in Figure 47.  
 
Figure 47: Brake specific NO and NO2 emissions for pre and post DOC as a function of 
FEF 
Due to the inverse relationship between NO and NO2 with increasing FEF, ISR 
operation had minimal effect on overall NOX emissions. However, an overall decrease can 
be seen in Figure 48 at high FEF for conditions 1 and 2. At high FEF, Figure 47 shows 
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NO2 reaches an apparent asymptote while NO continues to decline for engine out 
conditions. On the contrary, condition 3 showed no change in NOX emissions with 
increasing FEF. This provides further proof that unburned methane present during the 
expansion stroke of the engine is the main cause of converting NO to NO2.  
 
Figure 48: Brake specific NOX emissions for pre and post DOC as a function of FEF 
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Figure 49: DOC inlet and outlet temperatures as a function of FEF 
To compare the effect of different hydrocarbons on NO to NO2 conversion during the 
expansion stroke, the NO2/NOX ratio for all PFI and ISR experimental data points were 
plotted in Figure 50 as a function of the unburned hydrocarbons measured in the exhaust 
normalized by the NOX concentration during CDC operation for each condition, 
respectively. The results show that methane and ethanol follow a similar trend, but methane 
reaches higher NO2/NOX ratios at lower unburned HC concentrations. It is unclear if 
methane will reach an asymptote similar to the ethanol trend due to lower unburned 
methane concentrations during the ISR experiments. The data also show that NO2/NOX 
ratio decreases after the DOC where oxidation reactions raise local temperatures. At high 
temperatures, methyl radicals, a byproduct of methane oxidation react to reduce NO2 to 
NO. However, previous single zone modeling in Section 5.3.3 (Figure 16) showed that 
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methane has a lower propensity for NO to NO2 conversion as compared to ethanol over a 
shorter temperature range (900 – 1200 K). Simply put, methane cannot be the only factor 
responsible for this trend. The increased conversion seen during experimental testing could 
also be in part due to hydrogen reactions with elemental oxygen, which produce OH 
radicals to sustain fuel oxidation while elemental hydrogen reacts with oxygen to produce 
HO2 radicals responsible for NO to NO2 conversion. These reactions likely occur during 
the main combustion event, where the HO2 radicals produced by hydrogen supplement the 
limited amount of HO2 radicals produced from methane during the expansion stroke. This 
increase in available HO2 radicals is likely part of the reason for the higher ratios seen in 
Figure 50 for ISR operation.  
 
Figure 50: NO2/NOX ratio as a function of unburned hydrocarbons for all PFI and ISR 
testing conditions 
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To further investigate this trend, the same variable pressure single zone model 
presented in Section 5.3.3 was used with methane instead of ethanol. Recorded in-cylinder 
pressure data versus time from Condition 1 (1500 rpm, 4 bar) of the ISR testing was used 
with the same range of initial local in-cylinder temperatures and a sweep of unburned 
methane concentrations. Figure 51 presents the conditions used in this iteration of the 
model. The initial exhaust composition was taken from the Condition 1 CDC operating 
point (1500 rpm, 4 bar), and a range of unburned methane (250 – 4000 PPM) was added at 
the beginning of the simulation.  
 
Figure 51: Apparent RoHR, in-cylinder pressure, mean in-cylinder temperature, and 
CA90 temperature range as a function of CAD 
Figure 52 shows the trajectory of NO and NO2 concentration as a function of crank 
angle for two different initial temperatures at CA90. At higher temperatures, NO behaves 
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similar to the previous model results using unburned ethanol; decreasing rapidly before 
increasing and settling within 5 CAD as bulk gases do not reach the temperature range 
necessary to promote conversion. At lower temperatures, NO is slowly converted to NO2 
taking near 50 CAD before the composition reaches equilibrium. Comparing these results 
to the previous ethanol model where NO conversion completed within 20 CAD, it is clear 
that methane promoted conversion must occur within a wider local in-cylinder temperature 
range.  
 
Figure 52: NO conversion trajectory as a function of CAD starting at CA90 for 1350 and 
1550 K 
To verify the range of methane promoted conversion, the NO2/NOX ratio at the end of 
the expansion stroke was plotted as a contour against the initial CA90 temperature and the 
ratio of initial unburned methane normalized against initial NOX concentration in Figure 
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53. Similar to ethanol, there exists a clear island where the presence of unburned methane 
promotes the conversion of NO to NO2. However, the ethanol conversion range is between 
1150 – 1250 K while the methane island is active at higher temperatures, between 1200 – 
1400 K. At local in-cylinder temperatures greater than 1600 K, the model predicts complete 
methane combustion, with no conversion activity. Unlike the ethanol model, the methane 
reactor model predicts NO to NO2 conversion activity as low as 1000 K, with no clear left 
bound, making the methane island much larger than ethanol.  Hori et al. have shown that 
at high temperatures, methyl radicals (CH3) reduce NO2 to NO via CH3 + NO2  CH3O + 
NO [65]. At lower temperatures, CH3 oxidizes to produce OH radicals, which sustain 
methane oxidation, allowing HO2 concentrations to become established [135]. The HO2 
radicals then react with NO to produce NO2 and OH, whereupon the OH is able to then 
further oxidize methane. In addition, hydrogen oxidation increases the initial 
concentrations of HO2 radicals, further promoting conversion. The methane conversion 
island is centered at higher local in-cylinder temperatures at CA90, closer to average 
temperatures (~1750 K) depicted in Figure 51. Overall, the model shows that although 
methane has a lower propensity than ethanol to convert NO to NO2, methane promoted 
conversion still readily occurs during the expansion stroke of the engine and due the larger 
conversion island, results in increased conversion rates.  
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Figure 53: NO2/NOX contour as a function of local in-cylinder temperatures at CA90 and 
normalized unburned methane concentration 
Given the experimental and numerical results, it is clear that limiting the concentration 
of unburned hydrocarbons during dual-fuel operation is vital to controlling NOX emissions 
and preventing NO to NO2 conversion. For ISR systems, operating at high load conditions 
reduces unburned methane concentrations, while varying the ethanol proof may shift the 
reforming equilibrium to produce less methane and more hydrogen and inert gases to limit 
NOX formation.  
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7.3.3 Thermally Integrated Reformer Performance 
Reformer outlet H2, reforming efficiency, vaporizer power usage, and reformer inlet 
temperature are shown in Figure 54. Ashutosh et al. have shown that ethanol is converted 
at 100% for the majority of Rh based catalysts depending on support material in 
temperature ranges similar to this study [136]. Because no ethanol was measured in the 
exhaust, and because the LGA measures THC on a CH4 basis, the assumption was made 
that the majority of THC measured by the LGA was methane, and conversion of ethanol 
was complete through the reactor. Laosiripojana et al. have shown that steam reformation 
of ethanol yielded mainly hydrogen, CO, CO2, and CH4, with minor amounts of ethane and 
ethylene using an Ni based catalyst over yttria stabilized zirconia (Ni/YSZ) [137]. The 
formation of methane during ethanol steam reformation is due to several side reactions, 
such as ethanol decomposition and methanation [137–140].  
Ethanol Decomposition: 
𝐶2𝐻5𝑂𝐻 ↔ 𝐶𝐻4 + 𝐶𝑂 + 𝐻2  (49.7
𝑘𝐽
𝑚𝑜𝑙
)   (Eq. 21) 
Methanation: 
𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂 (−205.9
𝑘𝐽
𝑚𝑜𝑙
)   (Eq. 22) 
At low FEF, the reactor produces mainly methane with small amounts of hydrogen and 
CO. As FEF increases, hydrogen reaches an equilibrium concentration of around 40% 
while methane and CO initially drop and then increase with FEF. At the highest FEF 
conditions, the reformate consists mainly of hydrogen and methane with a small fraction 
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of CO and CO2. Variations in hydrogen production are mainly due to changes in catalyst 
conversion and selectivity.  
 
Figure 54: Reformer outlet H2 concentration, reforming efficiency, vaporizer power, and 
reformer inlet temperature as a function of FEF 
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Reforming efficiency was calculated as the ratio of outlet over inlet concentrations on 
an energy basis. Initially, reformate composition consisted of mainly methane with small 
amounts of hydrogen, resulting in low reforming efficiencies. As FEF increased, hydrogen 
production increased, but methane concentrations decreased drastically, causing a decline 
in ref. At higher FEF, hydrogen production remained near constant around 40% while 
methane gradually increased, eventually resulting in greater than 100% reforming 
efficiencies, effectively upgrading the initial hydrous ethanol. This is especially true for 
the 2000-6 condition. The increase in methane production is due to methanation and 
ethanol decomposition reactions possibly due to lack of sufficient steam to promote 
additional ethanol SR. This implies that decreasing ethanol proof would promote additional 
SR reactions, increasing hydrogen output, and decreasing methane production. In fact, the 
literature show that complete ethanol SR can be achieved at S/E ratios up to 8 using Rh 
based catalysts in similar temperature ranges [136].  
Although two 2 kW cartridge heaters were used, the vaporizer reached an asymptote 
around 1.5 kW total power usage. As expected, at low flow rates, minimal power is 
required to maintain the aluminum vaporizer block at temperature to vaporize the hydrous 
ethanol mixture. As flow rate increases, the temperature controller requires the cartridge 
heaters to be on more often, resulting in higher power usage to maintain adequate 
temperatures. It is important to note that the vaporizer block was set to 120 C to ensure 
full vaporization of the 150 proof hydrous ethanol. The rest of the energy to heat up the 
vaporized fuel before entering the reactor was provided by waste exhaust heat post 
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turbocharger. The vaporizer was therefore solely responsible for providing the latent heat 
of vaporization to convert the liquid hydrous ethanol into a gas while the exhaust heat 
exchanger acted as a preheater. The exhaust heat exchanger was able to transfer heat to the 
vaporized ethanol at high efficiencies, reaching within 20 C of exhaust temperatures. Once 
heated, the vaporized hydrous ethanol entered the reformer at inlet temperatures that 
increased with increasing FEF. Once inside the reactor, heat from the exterior oxidation 
catalyst provided additional heat to promote the endothermic SR reactions. Initially, 
reformer inlet temperatures are low, but increase gradually as more hydrogen is being 
introduced into the engine. Hydrogen is known to increase in-cylinder combustion 
temperatures, while methane acts to stabilize combustion and limit temperature rises. As 
FEF increases, hydrogen addition initially increases, causing increased exhaust 
temperatures, allowing more heat to be transferred to the hydrous ethanol vapor. At high 
FEF, hydrogen production remains near constant while methane production increases, 
resulting in stabilization of exhaust temperatures for the 1500-4 and 2000-4 cases, while 
exhaust temperatures drop slightly for the 2000-6 condition. Overall, the reactor was most 
effective at high engine loads, and high FEF where catalytic temperatures and activity 
successfully upgraded the initial 150 proof hydrous ethanol.  
7.3.4 First Law Energy Balance 
To better understand and evaluate the performance of the ISR strategy, a first law 
energy balance was performed for the whole system. Figure 55 shows the energy flow 
breakdown for each individual component for the CDC 2000-6 case while Figure 56 
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depicts the corresponding ISR condition at 45.8% FEF. It can be seen that the exhaust heat 
exchanger and DOC provide the majority of the sensible and chemical energy to upgrade 
the hydrous ethanol, while the parasitic load of the cartridge heater based vaporizer is low. 
However, only 20.4% of the available exhaust energy is recuperated through the DOC and 
exhaust heat exchanger, meaning a significant amount of sensible and chemical heat can 
still be recovered by optimizing the copper coil heat exchanger.  
 
Figure 55: First law energy balance flow chart for the CDC 2000-6 case 
Significant heat transfer losses from the engine are evident for both cases, where the 
engine coolant loop and atmosphere are where the majority of this heat was rejected. On 
the other hand, reformer losses accounted for only a small fraction (~1%) of the total energy 
entering the reactor. These losses are mainly attributed to heat losses and conversion of 
hydrous ethanol to inert gases such as CO2, representing a loss of heating value. The DOC 
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recovered a portion of the chemical energy in the exhaust stream, through oxidation of 
unburned hydrocarbons. However, even though the barrier between the DOC and 
reforming catalyst was thin (1/8”), the low thermal conductivity of stainless steel limits the 
sensible heat recovery. Overall, the first law energy balance shows that TCR of sensible 
and chemical energy present in the exhaust can upgrade the heating value of hydrous 
ethanol using an ISR reactor with minimal external heat.   
 
Figure 56: First law energy balance flow chart for the ISR 2000-6 case at 45.8% FEF 
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7.4 Conclusions 
This study experimentally investigated a novel thermally integrated steam reforming 
reactor for a diesel engine using sensible and chemical energy in the exhaust to provide the 
necessary heat for the catalytic reactions without alterations to the ECU. 150 proof hydrous 
ethanol flow rates were varied FEF at each condition, achieving up to 68% FEF. Engine 
BTE suffered at low load conditions due to poor CE, while the high load case reached 
thermal efficiencies greater (1 – 2%) than CDC at high FEF with near CDC combustion 
efficiencies. The emissions results show that similar to previous fumigation and PFI 
studies, CO and THC emissions increase drastically with increasing FEF at low load 
operating conditions, however the inclusion of the exterior DOC reduces CO and THC 
emissions before they are emitted. At high loads, increasing FEF eventually decreases CO 
and THC emissions to near CDC levels, also indicated by the high CE’s seen during these 
conditions. Unlike previous dual-fuel work with hydrous ethanol, no ethanol was measured 
in the exhaust stream, with the majority of THC emissions consisting of unburned methane. 
In addition to promising engine performance improvements, use of hydrous ethanol ISR 
resulted in drastically reduced soot emissions, allowing the Tier 2 diesel engine to reach 
near EPA Tier 4 Emissions Standards. Unfortunately, NOX emissions behaved similar to 
previous hydrous ethanol work, with NO decreasing, but NO2 increasing, resulting in little 
change in NOX emissions until high FEF where minor reductions are seen. The mechanism 
behind this conversion however relies on unburned methane emissions instead of unburned 
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ethanol. Counteracting this conversion is the DOC, where oxidation of unburned 
hydrocarbons reaches adequate temperatures to promote the reversion of NO2 back to NO.  
The single zone model developed in Chapter 5 for hydrocarbon assisted NO to NO2 
conversion during the expansion stroke was redeveloped using unburned methane and 
CDC in-cylinder pressure data with the ISR reactor installed. The results showed that 
although methane has a lower propensity to convert NO to NO2, the methane conversion 
island (1200 – 1400 K) is wider, and centered closer to average local in-cylinder 
temperatures at CA90. Coupled with the increase of available HO2 radicals from hydrogen 
combustion the presence of unburned methane reached higher NO2/NOX ratios at lower 
normalized unburned hydrocarbon concentrations.  
The reactor was readily able to produce near 40% hydrogen once adequate secondary 
fuel flows were reached. Reforming efficiencies reached greater than 100% at high FEF 
for all conditions where methanation and ethanol decomposition reactions increase 
methane production at high FEF. This increase could be due to lack of sufficient steam to 
promote additional ethanol SR. Increasing water content (decreasing ethanol proof) would 
therefore limit methane production, but increase hydrogen output. This would also benefit 
NOX emissions by reducing the unburned hydrocarbon emissions responsible for NO to 
NO2 conversion during the expansion stroke and increasing charge cooling effects to lower 
in-cylinder temperatures to limit thermal NOX formation.  
First law analysis revealed that the DOC and exhaust heat exchanger recovered 20.4% 
of the available sensible and chemical energy in the exhaust. The parasitic load from the 
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cartridge heater-based vaporizer was low when compared to recuperated energy. Engine 
heat losses were high for both CDC and ISR cases, while reformer losses were low, mainly 
attributed to heat loss and loss of heating value due to conversion of hydrous ethanol to 
inert gases. The first law analysis shows that TCR of sensible and chemical energy present 
in the exhaust can upgrade the heating value of hydrous ethanol using an ISR reactor with 
minimal external heat.   
The data presented clearly illustrate that a thermally integrated reactor equipped with a 
post turbocharger heat exchanger and separate vaporizer block can adequately reach 
temperatures ideal for ethanol steam reformation. ISR strategies that pretreat the secondary 
fuel prior to being introduced into the engine offer promising reductions in soot and NOX 
with increased engine performance at high load and high FEF conditions. At these 
conditions, ISR systems are able to increase the heat capacity of the fumigant, effectively 
upgrading the fuel without any alterations to the ECU.   
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Chapter 8 Summary and Conclusions 
Concerns about health risks and environmental degradation associated with IC engine 
use as well as slowly dwindling global fossil fuel supply have driven engine research to 
explore on emissions improvements as well as utilization of renewable fuels. Conventional 
dual-fuel strategies such as fumigation and PFI with no alterations to the ECU have shown 
promising results but fail to achieve the emissions reductions and performance benefits of 
RCCI systems that rely on control over main diesel injection parameters. Bio-ethanol is a 
promising renewable fuel that is already used today in most gasoline blends. Use of 
hydrous ethanol instead of commonly produced anhydrous ethanol would save a large 
portion of energy required for water removal, thus improving the bio-ethanol life cycle 
energy balance and economics. 
The work presented here focuses on experimentally investigating conventional and 
novel dual-fuel strategies using hydrous ethanol and diesel as the fuel sources. A John 
Deere 4045HF475 diesel engine was retrofitted to operate in fumigation, PFI, and ISR 
modes, while a GM A20DTH diesel engine was modified to operate in REGR conditions. 
Performance and emissions were characterized, and optimal operating conditions defined. 
8.1 Dual-Fuel Operation with Fumigation of Hydrous Ethanol using Aftermarket 
CleanFlex System and Direct Injection of Diesel Fuel 
As a preliminary baseline for dual-fuel operation, a commercial aftermarket CleanFlex 
fumigation system was installed on the John Deere 4045HF475 diesel engine. A set of 
experiments were conducted to evaluate the performance and emissions characteristics of 
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the conventional fumigation strategy using 120 proof hydrous ethanol. The aftermarket 
system was operated according to manufacturer specifications for eight different speed and 
load conditions. 
It was found that fumigation had little to no effect on NOX emissions due to low 
replacement percentages. Minimal reductions in soot were measured, while CO and 
unburned THC emissions increased, mainly due to significantly increased unburned 
ethanol emissions from lower CE during fumigation modes. Incomplete combustion in 
addition to residual fumigant present in the crevice and squish areas in-cylinder are 
responsible for the increased ethanol emissions. Due to charge cooling effects from 
utilization of high water content hydrous ethanol, this study suggests that increasing 
ethanol proof will enable higher FEF levels and prevent low in-cylinder temperatures. In 
addition, more precise control over secondary fuel injection timing and duration would 
provide increased controllability. 
8.2 Dual-Fuel Operation with Port Fuel Injection of Hydrous Ethanol and Direct 
Injection of Diesel Fuel 
Taking the challenges faced during the fumigation study into account, a PFI system 
was developed and installed on the same John Deere 4045HF475 diesel engine. This setup, 
using 160 and 180 proof hydrous ethanol allowed precise control over secondary fuel 
injection timing and duration based on the OEM engine camshaft signal. The engine was 
operated over the same eight operating conditions as the fumigation study, with secondary 
fuel injector pulse width varied to sweep FEF at each condition.  
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Similar to fumigation, PFI is a viable dual-fuel strategy for diesel engines using 
hydrous ethanol, but there was no effect on NOX emissions; NO decreased while NO2 
increased. At high FEF, NOX emissions decrease slightly where significant charge cooling 
lowers combustion temperatures, but at these conditions, engine combustion stability 
becomes an issue. Engine BTE suffered for most cases, but increased for select 180 proof 
conditions, mainly high load cases. In addition, PFI modes experienced significantly 
increased CO, THC, and unburned ethanol emissions with minor reductions in soot at high 
FEF.  
To investigate the inverse relationship between NO and NO2, a single zone reactor 
model was developed in Cantera. It was discovered that unburned hydrocarbons have 
different propensities for promoting the conversion of NO to NO2, with ethanol actively 
promoting this conversion between 800 – 1200 K, temperatures likely to occur during the 
expansion stroke. Based on the experimental and numerical results, it is clear that 
fumigation and PFI strategies using hydrous ethanol are inadequate and cannot achieve the 
emissions reductions possible with RCCI combustion. Instead, novel dual-fuel strategies 
must mitigate NO formation and limit unburned hydrocarbons to prevent NO to NO2 
conversion.  
8.3 Dual-Fuel Operation with On-Board Diesel Reformed Exhaust Gas 
Recirculation and Direct Injection of Diesel Fuel 
With conventional dual-fuel strategies failing to achieve significant performance and 
emissions benefits, a thermochemical recuperation strategy was developed and 
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experimentally tested. A custom thermally integrated REGR reactor was installed on a GM 
A20DTH diesel engine to take advantage of existing EGR architecture. Experiments were 
conducted with and without alterations to direct injection parameters with diesel fuel as 
both the primary and secondary fuels. The engine was operated over a range of EGR during 
the first set of experiments without alterations to main injection parameters. The second 
set of experiments achieved single fuel RCCI operation by significantly advancing main 
injection timing; REGR based RCCI operation was explored over a range of EGR, main 
injection duration, and main injection timing. 
During the first set of experiments, REGR operation without alterations to main 
injection parameters increased CO and THC emissions, with little change in NOX 
emissions due to the high concentrations of unburned hydrocarbons present in the exhaust. 
Soot emissions decreased with increasing EGR, whereas CDC operation increased. Overall 
engine BTE decreased during REGR operation due to loss of fuel LHV from the 
exothermic POX reactions and short-circuiting of vaporized diesel through the EGR 
mixing slots. A numerical two-reactor model was created using Cantera to map the REGR 
operating regime. The model predicted that reformer thermal efficiencies increase at richer 
conditions. However, based on experimental data, richer conditions result in low catalyst 
temperatures and therefore poor catalyst activity, while leaner conditions risk catalyst burn 
out due to high temperatures. Therefore, REGR systems must operate within a specific 
operating window to ensure active catalyst activity but prevent burn out. 
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Reformate composition results from the first experiment provided sufficient evidence 
that REGR could enable single fuel RCCI operation. A second set of experiments were 
conducted where main diesel injection timing was significantly advanced to achieve low 
temperature RCCI operation using the reformate as the low reactivity fuel. Similar to 
normal REGR operation, engine BTE decreased at all RCCI conditions when compared to 
CDC but increased at higher FEF. Similar to dual-fuel RCCI operation, CO and THC 
emissions increased while NOX and soot emissions were near zero.  
Based on the results from this study, it is clear that normal REGR operation cannot 
achieve the same emissions benefits as RCCI operation using reformed gases as the low 
reactivity fuel. The REGR based RCCI system requires additional system optimization to 
achieve engine efficiency parity with CDC operation while maintaining low engine out 
soot and NOX emissions. Many factors contribute to the limitations of REGR systems. For 
example, POX reactions require EGR mixing to supply the necessary oxygen. Variability 
in oxygen concentration in the EGR stream means variable local reformer equivalence 
ratios, which drastically affects catalyst activity and hydrogen production, while the 
exothermic POX reaction limits the operability range of REGR systems due to overheating 
and catalyst burn out. In addition, the increased THC emissions during REGR operation 
readily promote NO to NO2 conversion similar to fumigation and PFI, except during RCCI 
operation where soot and NOX emissions approach zero. To address these challenges, POX 
reactions must be eliminated. Without POX reactions, there would be no need for exhaust 
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mixing, the only requirement for reforming would be adequate heat to promote the 
endothermic SR reactions. 
8.4 Dual-Fuel Operation with Hydrous Ethanol Integrated Steam Reforming and 
Direct Injection of Diesel Fuel 
By eliminating POX reactions, the catalytic reforming reactions can be separated from 
the exhaust stream, with heat as the only requirement. In this study, a custom thermally 
integrated steam reforming reactor was installed on the John Deere 4045HF475 test engine 
and experimentally tested without alterations to the ECU. The engine was operated over a 
range of 150 proof hydrous ethanol flow rate to vary FEF at three speed and load cases.  
Similar to conventional dual-fuel strategies, CO and THC engine out emissions 
increased with increasing FEF, where methane constitutes the majority of THC emissions 
instead of unburned ethanol. Counteracting this trend is the DOC, which reduces CO and 
THC emissions before they are emitted. At high loads however, CO and THC emissions 
eventually decrease to near CDC levels at high FEF, also indicated by the high CE’s seen 
during these conditions. Soot emissions were reduced drastically, approaching EPA Tier 4 
emissions standards, likely due in part to soot oxidation occurring in the active high 
temperature DOC. Engine out NOX emissions behaved similarly to previous hydrous 
ethanol work, with decreasing NO, but increasing NO2. While the DOC reaches adequate 
temperatures to promote reversion of NO2 back to NO, only minor reductions in total NOX 
are seen at high FEF.  
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A single zone reactor was developed using CDC in-cylinder pressure data starting at 
CA90 and found that unburned methane present during the exhaust stroke readily promoted 
NO to NO2 conversion between 1200 – 1400 K. Although previous modeling showed that 
methane has a lower propensity for this conversion, methane promoted conversion is active 
at higher temperatures, more likely to occur in local in-cylinder regions during the 
expansion stroke. In fact, the model predicted methane promoted conversion to occur over 
50 CAD, while ethanol promoted conversion was predicted over 20 CAD after CA90.  
The results from this study show that an ISR system using 150 proof hydrous ethanol 
can reach temperatures to readily produce up to 40% hydrogen with greater than 100% 
reforming efficiencies using TCR of sensible and chemical energy present in the exhaust. 
This was validated by a first law analysis, where 20.4% of available exhaust energy was 
recuperated through the DOC and exhaust heat exchanger for the 2000-6 case at 45.8% 
FEF, while the parasitic load from the cartridge heater-based vaporizer was comparatively 
low. With promising engine performance and emissions benefits at high load and high FEF 
conditions without any alterations to the ECU, dual-fuel ISR systems are able to increase 
the heating value of the secondary fuel before it is introduced into the engine. Future work 
will investigate varying hydrous ethanol proof to reduce ethanol decomposition and 
methanation reactions and increase hydrogen production to limit NOX emissions and 
methane emissions, while increasing engine performance.  
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Chapter 9 Suggested Future Work 
This body of work has experimentally demonstrated that conventional dual-fuel 
strategies fumigation and PFI fall short of RCCI combustion techniques. Instead, strategies 
such as REGR offer the ability to achieve single fuel RCCI operation while ISR reduces 
soot and NOX emissions and increases engine BTE when operated at high load and FEF. 
Based on the findings of these studies, the following recommendations are made for future 
research on dual-fuel operation with hydrous ethanol.  
9.1 Design and Investigation of Integrated Steam Reforming Post Turbocharger 
In this study, an ISR reactor was installed within an exhaust manifold while preheat of 
the secondary fuel was achieved using waste exhaust heat post turbocharger and a heated 
aluminum block. Although post turbocharger temperatures are lower than engine out 
temperatures, at high loads, sufficient temperatures for SR can still be achieved post 
turbocharger. Because the preheat coil was positioned separate from the reforming reactor, 
significant heat losses were encountered due to piping losses from routing hot hydrous 
ethanol to the reformer inlet. Instead, by positioning both the heat exchanger coil and ISR 
reactor concentrically post turbocharger, heat losses would be mitigated and a more 
compact configuration could be achieved. Figure 57 depicts a basic schematic of the 
proposed post turbocharger ISR system. Hydrous ethanol enters the copper coil preheat 
section from the top with counter-flow heat exchange with waste exhaust heat. Exhaust 
gases are allowed to pass through the exterior DOC as well as the free space where the 
copper coil is situated to minimize the pressure drop through the DOC. The vaporized 
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hydrous ethanol leaves the copper coil at the bottom and is immediately routed to the inlet 
of the reforming reactor where gravity ensures only vaporized fuel enters the catalytic 
sections. With a more compact design and minimization of potential areas of heat loss, this 
system could become an easy add-on addition to legacy diesel engines with minimal 
alterations to existing engine components.  
 
 
Figure 57: Schematic of proposed ISR system post turbocharger 
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9.2 Investigation on the Effect of Varying Hydrous Ethanol Proof on Integrated 
Steam Reforming 
Increasing methane present in the reformate with increasing FEF implies that lack of 
sufficient steam promotes ethanol decomposition and methanation reactions to occur. 
However, increasing water content requires additional energy input to vaporize the 
mixture. Ashutosh et al. have shown that ethanol steam reforming can be achieved at S/E 
ratios up to 8 with 100% conversion efficiencies; S/E of 8 corresponds to a hydrous ethanol 
proof of approximately 50 [136]. By decreasing ethanol proof, excess steam will promote 
additional SR reactions, increasing hydrogen production and reducing ethanol 
decomposition and methanation reactions, limiting methane production. Reducing methane 
production will in turn limit unburned hydrocarbons during ISR operation, lowering NO to 
NO2 conversion rates. Presence of excess steam post reformer will act to provide charge 
cooling effects, which will lower in-cylinder temperatures and limit thermal NOX 
formation. In addition, increasing hydrogen production will allow the ISR system to 
achieve greater than 100% reforming efficiencies at lower FEF.  
9.3 Investigation on the Effect of Ammonia Decomposition for Integrated 
Reforming Reactors 
The requirement to vaporize hydrous ethanol imposes a significant parasitic load at low 
ethanol proofs and high flow rates due to water’s high latent heat of vaporization. To 
eliminate this power consumption, SR reactions must be eliminated and alternative options 
for secondary fuel stock must be considered. Without SR reactions, these reactors must 
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rely on decomposition reactions. For example, ethanol decomposition produces CO, CH4, 
and H2; however even anhydrous ethanol requires supplementary heat to be vaporized. In 
addition, this study has shown that introduction of hydrocarbons promote NO to NO2 
conversion and prevent meaningful NOX reductions. Instead, fuels such as ammonia are 
gaseous at room temperature and therefore do not require supplementary heat. 
Decomposition of NH3 results in N2 and H2, effectively reducing unburned hydrocarbon 
emissions. Wang et al. have shown that ammonia decomposition could be achieved at 
temperatures as low as 300 C while Yin et al. have shown that ammonia decomposition 
reaches near 100% conversion efficiencies at temperatures greater than 700 C [141,142]. 
Without the need to vaporize the secondary fuel stock, ammonia decomposition reactions 
have the potential to upgrade the heating value by producing H2 at exhaust temperatures 
seen during high load conditions.  
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Appendix 
Fumigation Data 
 
Mode 1 2 3 4 5 6 7 8
RPM 2400 2400 2400 2400 1400 1400 1400 1000
Nm 450 350 250 50 450 350 250 0
Engine Speed [RPM] 2413.52 2420.18 2406.21 2412.83 1410.16 1405.10 1408.27 1004.93
Engine Torque [Nm] 452.15 351.42 250.77 49.52 451.91 351.38 250.62 0.60
LFE Dp [inH20] 8.41 7.48 5.97 3.87 3.31 2.89 2.51 1.48
Compressor out [kPa] 126.27 107.21 71.81 19.85 55.41 40.35 23.01 0.34
Compressor in [kPa] 6.61 5.62 4.01 2.10 1.64 1.41 1.16 0.53
Turbine Out P [kPa] 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Cyl Head Temp [C] 86.19 85.59 84.85 81.59 84.89 84.28 82.42 69.80
Fuel In Temp [C] 39.98 40.56 42.02 36.16 34.24 33.78 32.06 32.50
Oil Pan Temp [C] 114.22 112.20 106.24 95.53 97.15 95.36 88.38 83.64
Comp Intake Air Temp1 [C] 40.26 38.18 33.53 27.87 36.19 34.47 32.22 31.38
Comp Intake Air Temp2 [C] 39.96 37.55 32.69 27.58 35.66 34.12 31.70 32.08
Coolant Temp [C] 83.04 82.61 82.32 79.69 81.38 81.14 79.82 69.02
Aftercooler out  [C] 56.24 51.98 50.07 48.40 46.02 40.91 36.79 46.01
Turbine in [C] 590.84 546.98 479.54 286.89 625.20 568.06 472.87 146.24
Exhaust Temp [C] 454.57 420.27 372.59 226.88 520.38 465.19 389.64 142.65
Manifold Air Temperature [C} 43.15 41.31 42.75 51.06 44.89 42.75 41.07 51.30
Dilute NO [ppm] 30.91 23.12 21.11 13.62 53.85 49.55 39.77 18.45
Fuel Flow [kg/hr] 24.52 20.41 15.00 5.93 14.25 11.74 8.58 1.00
Fuel Flow [kg/hr] 7.03 6.14 3.42 0.38 1.69 1.00 0.51 0.02
Fumigation
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 69951.79 57655.89 43747.16 37078.95 75963.15 65768.29 53131.32 36402.51
CO2 [ppm] 69609.01 64678.22 59954.83 32571.65 93552.65 87708.92 74605.27 13906.96
CO [ppm] 939.66 1102.69 958.61 361.99 628.67 385.28 292.16 116.12
NO [ppm] 271.88 207.44 210.30 132.61 631.74 575.26 447.70 181.20
NO2 [ppm] 99.98 116.54 127.49 63.01 26.80 36.00 52.54 64.80
N2O [ppm] 0.52 0.57 0.65 0.64 0.50 0.59 0.67 0.43
NH3 [ppm] 0.01 0.02 0.03 0.06 0.05 0.04 0.03 0.04
HCHO [ppm] 20.17 23.09 24.76 23.09 7.27 6.12 7.06 4.67
CH4 [ppm] 4.62 7.38 7.29 1.69 0.00 0.00 0.27 0.13
C2H2 [ppm] 1.82 1.91 2.14 2.22 2.22 2.13 1.85 1.33
C2H4 [ppm] 15.63 25.17 32.09 13.58 6.30 7.61 9.00 2.20
C3H6 [ppm] 1.07 1.06 1.34 1.81 0.72 1.06 1.59 1.10
C4H6 [ppm] 0.58 0.60 0.71 0.44 0.45 0.56 0.58 0.42
MECHO [ppm] 14.72 28.15 43.34 27.20 5.39 6.00 9.21 2.75
C3H4O [ppm] 0.58 0.50 0.20 1.39 0.62 0.79 0.85 0.68
ETOH [ppm] 36.36 50.24 78.71 104.54 9.10 10.93 21.61 0.02
MEOH [ppm] 0.61 0.95 1.05 0.43 0.32 0.34 0.18 0.10
HCE [ppm] 44.59 66.60 82.34 40.25 19.24 23.60 28.43 11.70
NMHC [ppm] 39.98 59.22 75.02 38.56 20.35 24.41 28.58 11.73
NOx [ppm] 371.88 323.95 337.77 195.61 658.61 611.26 500.25 205.92
Concentration [mg/m³] 6.34 6.89 6.51 2.03 3.99 2.61 2.55 1.83
FTIR Data
MSS Data
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Mode 1 2 3 4 5 6 7 8
RPM 2400 2400 2400 2400 1400 1400 1400 1000
Nm 450 350 250 50 450 350 250 0
Engine Speed [RPM] 2404.80 2415.89 2406.69 2413.37 1401.97 1405.35 1407.68 1006.06
Engine Torque [Nm] 452.24 351.45 250.72 49.54 447.14 351.52 250.70 0.77
LFE Dp [inH20] 7.93 7.43 6.07 3.83 3.33 2.89 2.51 1.44
Compressor out [kPa] 120.24 103.59 75.20 19.24 56.48 39.62 23.00 0.08
Compressor in [kPa] 4.62 5.43 4.14 2.08 1.64 1.39 1.15 0.53
Turbine Out P [kPa] 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Cyl Head Temp [C] 86.45 85.65 85.07 81.91 85.16 84.40 82.80 64.80
Fuel In Temp [C] 40.45 40.89 44.12 40.08 34.85 34.35 33.77 30.12
Oil Pan Temp [C] 115.31 112.33 109.94 102.98 99.14 96.71 93.35 75.65
Comp Intake Air Temp1 [C] 42.82 39.00 35.80 29.07 37.95 35.78 33.51 27.40
Comp Intake Air Temp2 [C] 42.24 38.98 35.36 29.09 37.66 35.42 33.30 27.73
Coolant Temp [C] 83.40 82.82 82.62 80.52 81.52 81.17 80.33 64.25
Aftercooler out  [C] 59.04 52.78 50.14 48.91 47.80 43.28 38.81 45.96
Turbine in [C] 613.12 550.93 495.26 288.57 644.94 576.79 479.62 123.28
Exhaust Temp [C] 479.68 427.11 389.38 232.13 534.87 473.39 392.12 102.71
Manifold Air Temperature [C} 61.41 55.85 53.90 53.17 51.33 47.87 44.66 49.69
Dilute NO [ppm] 43.32 32.25 29.28 15.91 52.37 48.53 39.22 17.15
Fuel Flow [kg/hr] 26.00 21.16 16.34 5.79 14.98 11.96 8.69 1.01
CDC
Engine Data
Diesel Flow Data
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H2O [ppm] 71287.42 55657.03 51226.45 36796.55 88626.80 70518.70 52206.49 27742.22
CO2 [ppm] 73820.27 66298.82 61086.55 32152.00 94254.70 87882.81 74726.41 14716.99
CO [ppm] 170.22 184.65 198.63 251.38 497.87 241.60 154.08 127.72
NO [ppm] 492.95 368.97 349.56 173.56 705.29 648.97 510.47 187.52
NO2 [ppm] 18.17 21.60 22.51 29.55 10.92 13.31 20.51 27.39
N2O [ppm] 0.60 0.65 0.72 0.65 0.43 0.57 0.65 0.44
NH3 [ppm] 0.03 0.05 0.05 0.04 0.05 0.04 0.04 0.04
HCHO [ppm] 13.44 8.82 7.17 7.24 6.14 4.01 3.17 4.31
CH4 [ppm] 0.00 0.00 0.00 0.50 0.00 0.00 0.01 0.19
C2H2 [ppm] 1.75 1.59 1.47 1.88 2.14 2.06 1.75 1.32
C2H4 [ppm] 2.84 3.01 3.21 4.38 2.62 3.73 3.79 2.36
C3H6 [ppm] 0.93 0.85 0.97 1.63 0.65 0.96 1.49 1.14
C4H6 [ppm] 0.31 0.42 0.34 0.32 0.47 0.43 0.39 0.37
MECHO [ppm] 0.81 1.12 1.32 4.39 0.72 1.20 1.57 3.28
C3H4O [ppm] 0.68 0.77 0.84 1.43 0.60 0.80 0.86 0.66
ETOH [ppm] 0.65 0.51 0.45 0.42 0.85 0.62 0.70 0.01
MEOH [ppm] 0.18 0.14 0.18 0.18 0.24 0.28 0.12 0.10
HCE [ppm] 10.68 11.13 11.60 18.79 10.71 14.04 15.89 12.03
NMHC [ppm] 12.56 12.80 13.02 18.33 12.57 15.50 16.66 11.93
NOx [ppm] 511.16 390.56 365.07 204.80 716.07 662.30 530.98 214.91
Concentration [mg/m³] 7.72 7.61 6.77 2.11 4.47 2.19 2.17 1.72
MSS Data
FTIR Data
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Port Fuel Injection Data 
 
Pulse Width [ms] 2 4 8 12 16 18
Engine Speed [RPM] 2399.10 2397.31 2398.43 2397.71 2398.56 2402.78
Engine Torque [Nm] 446.56 446.62 446.60 446.65 446.70 446.49
LFE Dp [inH2O] 8.08 8.12 8.09 8.03 8.07 8.10
Compressor Out [kPa] 143.95 145.26 143.57 141.09 141.63 141.90
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 129.18 130.30 129.10 126.79 127.90 128.72
Turbine Out P [kPa] 4.39 4.49 4.50 4.47 4.53 4.54
Manifold Air P [kPa] 153.38 155.09 153.18 150.34 150.96 151.38
Cyl Head Temp [C] 1345.84 1346.24 1346.31 1346.23 1346.08 1345.90
Fuel In Temp [C] 59.68 55.71 56.60 59.28 62.03 64.68
Oil Pan Temp [C] 114.62 115.62 115.75 115.38 114.91 114.66
Comp Intake Air Temp1 [C] 1346.65 1347.05 1347.11 1347.04 1346.88 1346.70
Comp Intake Air Temp2 [C] 24.21 24.26 24.30 24.24 24.35 24.44
Coolant Temp [C] 81.74 81.16 80.80 80.52 80.49 80.56
Aftercooler Out [C] 47.93 48.38 48.59 48.22 47.85 48.26
Turbine In [C] 546.55 554.50 560.39 574.02 577.58 578.62
Exhaust Temp [C] 419.14 422.61 415.94 409.38 405.62 404.33
Manifold Air Temp [C] 20.21 20.51 19.87 19.70 19.54 20.19
Heat Exchanger 1 T [C] 29.49 27.83 26.60 28.17 28.83 29.19
Heat Exchanger 2 T [C] 30.13 29.81 28.46 29.40 30.12 30.18
Throttle Position [%] 80.16 79.82 79.24 78.73 78.39 78.39
Fuel Flow (30 s Avg) [kg/hr] 24.13 22.65 20.42 18.07 16.31 15.51
Fuel Flow (1 min Avg) [kg/hr] 23.61 22.64 20.46 18.03 16.44 15.50
Fuel Flow (2 min Avg) [kg/hr] 21.57 22.97 20.87 18.46 16.88 15.50
HydEth Fuel Flow [kg/hr] 2.36 5.07 10.37 15.63 20.57 22.86
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
Mode 1 (2400 RPM, 450 Nm)
PFI - 160 Proof
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H2O [ppm] 61950.42 64727.71 70031.30 75363.84 77594.97 79345.50
CO2 [ppm] 65619.31 64849.50 62726.20 61020.60 59708.47 59216.67
CO [ppm] 534.25 1039.30 1807.63 2413.68 2945.27 3135.12
NO [ppm] 269.12 221.07 155.28 128.62 107.90 103.29
NO2 [ppm] 129.63 143.62 158.74 159.61 151.19 144.55
N2O [ppm] 0.65 0.62 0.56 0.52 0.56 0.55
NH3 [ppm] 0.02 0.13 0.12 0.08 0.06 0.11
HCHO [ppm] 25.36 39.99 69.76 112.07 160.44 179.53
CH4 [ppm] 0.92 6.54 14.98 22.15 33.81 39.71
C2H2 [ppm] 1.43 1.56 1.95 2.45 3.05 3.38
C2H4 [ppm] 15.87 24.58 39.43 59.32 87.48 99.02
C3H6 [ppm] 0.92 1.16 0.80 0.62 0.27 0.49
C4H6 [ppm] 0.31 0.29 0.31 0.37 0.49 0.45
MECHO [ppm] 17.87 30.29 57.87 101.53 157.50 186.43
C3H4O [ppm] 0.74 0.50 0.05 0.01 0.00 0.00
ETOH [ppm] 46.37 89.93 196.05 374.94 619.49 746.12
MEOH [ppm] 0.45 0.89 2.04 3.64 5.79 6.82
HCE [ppm] 39.12 63.00 100.75 148.42 216.42 246.70
Concentration [mg/m^3] 11.62 13.36 17.82 18.97 19.06 16.90
MSS Data
FTIR Data
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Pulse Width [ms] 2 4 8 12 16 20
Engine Speed [RPM] 2400.16 2399.18 2395.06 2399.03 2398.33 2399.44
Engine Torque [Nm] 346.70 346.46 346.68 346.78 346.65 346.58
LFE Dp [inH2O] 7.04 7.00 7.00 6.63 6.72 6.83
Compressor Out [kPa] 116.18 115.04 113.90 103.25 104.85 107.08
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 102.63 101.62 100.59 91.26 92.84 95.13
Turbine Out P [kPa] 3.22 3.38 3.33 2.91 2.93 3.03
Manifold Air P [kPa] 122.90 121.88 120.59 108.78 110.28 112.97
Cyl Head Temp [C] 1346.19 1346.39 1346.42 1346.35 1346.22 1346.15
Fuel In Temp [C] 60.53 59.26 62.19 66.84 69.92 69.54
Oil Pan Temp [C] 111.90 112.19 112.20 111.94 112.03 111.86
Comp Intake Air Temp1 [C] 1346.99 1347.20 1347.23 1347.16 1347.02 1346.95
Comp Intake Air Temp2 [C] 23.83 23.01 22.93 22.23 22.27 22.50
Coolant Temp [C] 82.12 81.48 81.02 81.00 80.95 80.71
Aftercooler Out [C] 48.85 47.84 47.93 46.13 46.20 47.11
Turbine In [C] 506.82 514.63 524.55 522.82 529.18 541.74
Exhaust Temp [C] 389.24 389.35 382.26 367.12 361.61 360.04
Manifold Air Temp [C] 21.59 21.68 21.14 20.88 20.66 21.90
Heat Exchanger 1 T [C] 31.36 33.41 31.59 31.42 30.78 30.29
Heat Exchanger 2 T [C] 31.32 32.32 30.80 31.09 31.41 31.17
Throttle Position [%] 78.95 78.66 78.05 77.18 76.80 76.43
Fuel Flow (30 s Avg) [kg/hr] 18.87 17.40 15.15 11.91 10.19 8.34
Fuel Flow (1 min Avg) [kg/hr] 18.85 17.41 15.16 11.92 10.15 8.39
Fuel Flow (2 min Avg) [kg/hr] 17.69 17.82 15.57 12.57 10.26 8.52
HydEth Fuel Flow [kg/hr] 2.56 5.39 10.94 17.40 22.74 27.69
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
Mode 2 (2400 RPM, 350 Nm)
PFI - 160 Proof
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H2O [ppm] 57322.01 60935.80 67814.89 75322.93 77660.10 79870.64
CO2 [ppm] 60050.23 58761.83 56931.79 55198.54 52939.74 51831.88
CO [ppm] 726.14 1305.50 2258.71 2545.71 2842.33 2933.87
NO [ppm] 195.38 167.07 114.63 151.99 123.10 123.15
NO2 [ppm] 145.53 155.96 162.88 155.67 126.78 108.24
N2O [ppm] 0.70 0.63 0.62 0.62 0.62 0.61
NH3 [ppm] 0.11 0.13 0.06 0.04 0.05 0.13
HCHO [ppm] 47.56 68.49 121.12 134.52 193.74 236.20
CH4 [ppm] 3.05 11.16 24.99 27.01 45.69 64.44
C2H2 [ppm] 1.67 2.00 2.54 2.86 3.96 4.69
C2H4 [ppm] 26.38 38.92 66.46 74.30 112.30 152.28
C3H6 [ppm] 1.38 0.99 0.68 0.66 0.71 1.63
C4H6 [ppm] 0.10 0.50 0.56 0.72 0.47 0.22
MECHO [ppm] 37.63 57.41 110.79 137.78 227.44 308.07
C3H4O [ppm] 0.38 0.05 0.01 0.01 0.00 0.00
ETOH [ppm] 109.29 193.70 433.53 726.11 1352.52 2404.14
MEOH [ppm] 0.85 1.89 3.69 4.23 6.99 8.19
HCE [ppm] 62.69 97.61 166.76 185.82 281.59 382.60
Concentration [mg/m^3] 19.24 20.18 22.68 16.17 10.81 6.40
MSS Data
FTIR Data
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Pulse Width [ms] 2 4 6 8 10 12
Engine Speed [RPM] 2399.53 2396.59 2401.67 2396.42 2398.40 2399.33
Engine Torque [Nm] 246.79 247.12 246.76 246.89 246.95 246.75
LFE Dp [inH2O] 5.61 5.59 5.58 5.61 5.67 5.70
Compressor Out [kPa] 76.13 74.55 74.81 75.18 76.75 77.30
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 69.19 67.79 67.84 68.01 69.22 69.69
Turbine Out P [kPa] 2.09 2.09 2.09 2.08 2.02 2.06
Manifold Air P [kPa] 78.89 77.10 77.21 77.87 79.57 79.95
Cyl Head Temp [C] 1346.41 1346.58 1346.49 1346.79 1346.79 1346.65
Fuel In Temp [C] 67.56 64.50 66.20 68.47 68.25 67.21
Oil Pan Temp [C] 109.00 107.44 108.79 108.42 108.63 108.71
Comp Intake Air Temp1 [C] 1347.21 1347.38 1347.30 1347.60 1347.60 1347.46
Comp Intake Air Temp2 [C] 26.91 20.75 20.71 20.84 21.18 21.42
Coolant Temp [C] 82.03 81.28 81.76 81.05 81.12 81.22
Aftercooler Out [C] 48.66 47.53 48.54 47.75 48.38 49.09
Turbine In [C] 455.55 463.23 473.08 477.40 489.61 499.05
Exhaust Temp [C] 349.70 346.38 342.33 340.23 338.59 336.32
Manifold Air Temp [C] 22.12 23.22 21.98 21.77 21.62 21.57
Heat Exchanger 1 T [C] 34.56 38.92 33.27 34.34 33.87 33.39
Heat Exchanger 2 T [C] 33.19 35.66 32.68 33.21 33.38 32.89
Throttle Position [%] 77.55 77.15 77.09 76.71 76.57 76.34
Fuel Flow (30 s Avg) [kg/hr] 13.42 11.87 11.02 10.02 9.04 8.07
Fuel Flow (1 min Avg) [kg/hr] 13.41 11.81 11.02 9.97 8.97 8.02
Fuel Flow (2 min Avg) [kg/hr] 13.01 12.22 10.48 9.93 9.20 8.09
HydEth Fuel Flow [kg/hr] 2.72 5.82 8.67 11.39 15.26 17.70
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
Mode 3 (2400 RPM, 250 Nm)
PFI - 160 Proof
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H2O [ppm] 53034.21 57597.40 61575.55 66132.91 69484.54 72354.70
CO2 [ppm] 53627.18 52365.55 50898.96 49677.36 48391.10 47483.74
CO [ppm] 920.80 1820.31 2404.73 2832.05 2910.01 2804.51
NO [ppm] 204.96 176.69 136.07 105.32 89.61 92.84
NO2 [ppm] 158.74 168.26 167.04 155.53 138.86 124.33
N2O [ppm] 0.74 0.68 0.66 0.60 0.62 0.62
NH3 [ppm] 0.10 0.11 0.10 0.05 0.07 0.25
HCHO [ppm] 61.86 83.22 110.11 144.40 186.79 214.30
CH4 [ppm] 7.74 22.14 30.11 38.12 46.13 54.23
C2H2 [ppm] 1.93 2.42 2.85 3.39 3.94 4.78
C2H4 [ppm] 35.93 52.51 66.54 85.92 111.43 135.72
C3H6 [ppm] 1.99 1.42 0.88 0.89 1.09 1.47
C4H6 [ppm] 0.06 0.17 0.49 0.52 0.50 0.43
MECHO [ppm] 50.35 73.65 103.50 144.75 211.89 264.17
C3H4O [ppm] 0.33 0.11 0.04 0.00 0.00 0.00
ETOH [ppm] 175.62 331.65 509.94 779.25 1161.09 1682.13
MEOH [ppm] 1.36 2.18 2.95 4.62 6.36 6.75
HCE [ppm] 88.07 136.15 173.14 221.11 281.63 340.75
Concentration [mg/m^3] 19.01 17.50 17.39 16.20 11.33 6.21
MSS Data
FTIR Data
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Pulse Width [ms] 1 2 3 4
Engine Speed [RPM] 2399.12 2399.85 2399.62 2397.71
Engine Torque [Nm] 47.10 46.99 46.99 47.14
LFE Dp [inH2O] 3.71 3.75 3.76 3.83
Compressor Out [kPa] 21.20 21.76 22.13 23.20
Compressor In [kPa] 0.00 0.00 0.00 0.00
Turbine In P [kPa] 29.17 29.48 29.40 30.17
Turbine Out P [kPa] 0.77 0.80 0.81 0.83
Manifold Air P [kPa] 17.38 17.98 18.35 19.66
Cyl Head Temp [C] 1346.47 1345.70 1346.30 1345.92
Fuel In Temp [C] 56.94 57.05 57.51 57.77
Oil Pan Temp [C] 99.68 100.03 99.46 99.64
Comp Intake Air Temp1 [C] 1347.28 1346.50 1347.11 1346.72
Comp Intake Air Temp2 [C] 34.01 16.14 14.51 14.66
Coolant Temp [C] 79.55 78.91 78.76 78.38
Aftercooler Out [C] 39.83 39.18 40.35 39.68
Turbine In [C] 265.98 271.08 279.11 288.75
Exhaust Temp [C] 211.04 212.10 211.26 212.41
Manifold Air Temp [C] 22.90 24.67 24.32 25.33
Heat Exchanger 1 T [C] 36.89 40.45 34.34 35.12
Heat Exchanger 2 T [C] 35.25 36.63 33.20 33.06
Throttle Position [%] 75.62 75.55 75.44 75.28
Fuel Flow (30 s Avg) [kg/hr] 5.13 4.58 4.24 4.13
Fuel Flow (1 min Avg) [kg/hr] 4.98 4.58 4.35 4.14
Fuel Flow (2 min Avg) [kg/hr] 4.75 4.66 4.31 4.19
HydEth Fuel Flow [kg/hr] 1.16 2.84 4.39 5.94
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
Mode 4 (2400 RPM, 50 Nm)
PFI - 160 Proof
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H2O [ppm] 30413.63 33406.07 36056.31 38529.11
CO2 [ppm] 28983.26 28008.07 27936.63 27474.44
CO [ppm] 658.49 1098.43 1476.70 1776.33
NO [ppm] 85.34 54.76 45.47 36.40
NO2 [ppm] 99.24 110.42 103.19 88.61
N2O [ppm] 0.62 0.59 0.46 0.37
NH3 [ppm] 0.10 0.07 0.06 0.08
HCHO [ppm] 58.10 107.56 140.02 165.86
CH4 [ppm] 5.31 15.13 26.59 38.94
C2H2 [ppm] 3.10 4.35 4.90 5.78
C2H4 [ppm] 35.49 70.85 99.49 124.99
C3H6 [ppm] 3.38 3.07 3.62 5.09
C4H6 [ppm] 0.32 0.80 0.35 0.44
MECHO [ppm] 62.09 124.49 166.58 210.82
C3H4O [ppm] 2.73 3.11 3.74 0.00
ETOH [ppm] 598.89 1458.12 2183.53 3025.58
MEOH [ppm] 1.33 2.43 3.70 4.45
HCE [ppm] 93.35 177.80 246.93 316.67
Concentration [mg/m^3] 2.20 1.80 1.22 0.95
MSS Data
FTIR Data
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Pulse Width [ms] 2 4 5 6 7 8
Engine Speed [RPM] 1398.96 1397.98 1398.81 1397.98 1398.86 1398.00
Engine Torque [Nm] 446.71 446.65 446.73 446.60 446.58 446.80
LFE Dp [inH2O] 3.15 3.12 3.11 3.08 3.05 3.07
Compressor Out [kPa] 61.77 60.81 60.20 59.50 58.19 57.29
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 33.96 33.62 33.41 33.07 32.53 32.08
Turbine Out P [kPa] 0.92 0.90 0.90 0.88 0.86 0.84
Manifold Air P [kPa] 63.36 62.45 62.00 61.04 59.59 58.35
Cyl Head Temp [C] 1346.00 1346.16 1345.98 1346.18 1346.01 1346.07
Fuel In Temp [C] 45.20 46.00 46.61 46.56 47.20 46.93
Oil Pan Temp [C] 101.70 102.13 102.12 102.26 102.31 102.05
Comp Intake Air Temp1 [C] 1346.81 1346.97 1346.79 1346.99 1346.81 1346.88
Comp Intake Air Temp2 [C] 39.62 19.60 19.24 19.10 18.94 18.93
Coolant Temp [C] 79.48 79.07 79.66 79.04 79.62 79.36
Aftercooler Out [C] 43.66 43.03 43.37 42.51 42.53 41.99
Turbine In [C] 579.07 582.17 587.20 589.74 588.78 591.50
Exhaust Temp [C] 500.55 495.20 489.61 487.88 482.38 481.69
Manifold Air Temp [C] 19.96 19.00 19.84 18.58 19.67 19.10
Heat Exchanger 1 T [C] 41.71 41.34 38.20 39.99 38.48 39.15
Heat Exchanger 2 T [C] 37.21 37.06 35.36 36.45 35.59 35.94
Throttle Position [%] 36.00 35.63 35.47 35.23 35.16 34.98
Fuel Flow (30 s Avg) [kg/hr] 13.02 11.96 11.71 11.09 10.52 10.29
Fuel Flow (1 min Avg) [kg/hr] 13.04 11.95 11.69 11.13 10.52 10.21
Fuel Flow (2 min Avg) [kg/hr] 13.03 12.20 11.43 11.11 10.45 10.41
HydEth Fuel Flow [kg/hr] 1.59 3.42 4.19 5.12 6.02 6.60
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
Mode 5 (1400 RPM, 450 Nm)
PFI - 160 Proof
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H2O [ppm] 80734.27 84134.90 85954.54 87610.50 90454.79 92440.93
CO2 [ppm] 87880.01 85972.31 85353.09 84383.99 84500.56 84422.04
CO [ppm] 504.93 686.28 770.59 825.99 904.76 1008.08
NO [ppm] 686.71 600.03 553.21 530.74 508.79 502.17
NO2 [ppm] 56.22 78.77 89.10 88.68 92.29 89.29
N2O [ppm] 0.58 0.58 0.54 0.57 0.55 0.55
NH3 [ppm] 0.08 0.01 0.08 0.11 0.06 0.09
HCHO [ppm] 9.93 18.49 23.09 27.62 33.33 36.24
CH4 [ppm] 0.00 0.48 1.18 1.93 3.09 4.22
C2H2 [ppm] 1.99 1.98 2.20 2.04 2.20 2.32
C2H4 [ppm] 8.42 14.55 17.77 20.95 24.76 26.98
C3H6 [ppm] 0.84 0.74 0.88 0.87 0.79 1.03
C4H6 [ppm] 0.32 0.22 0.35 0.28 0.31 0.30
MECHO [ppm] 7.26 15.43 20.11 24.68 30.56 33.35
C3H4O [ppm] 0.83 0.64 0.68 0.50 0.54 0.54
ETOH [ppm] 25.79 58.52 76.30 94.53 119.07 130.23
MEOH [ppm] 0.39 0.57 0.66 0.74 0.91 1.05
HCE [ppm] 23.31 35.98 44.92 51.05 60.20 66.68
Concentration [mg/m^3] 14.50 15.06 17.11 18.35 21.19 24.35
MSS Data
FTIR Data
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Pulse Width [ms] 2 3 4 5 6 7
Engine Speed [RPM] 1397.31 1398.46 1398.58 1399.23 1397.34 1399.73
Engine Torque [Nm] 346.70 346.70 346.67 346.71 346.79 346.68
LFE Dp [inH2O] 2.73 2.74 2.70 2.69 2.64 2.63
Compressor Out [kPa] 42.77 42.19 41.53 40.24 38.94 37.75
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 25.06 25.00 24.59 24.12 23.45 23.00
Turbine Out P [kPa] 0.64 0.64 0.61 0.58 0.55 0.53
Manifold Air P [kPa] 42.27 41.56 40.93 39.21 38.08 36.48
Cyl Head Temp [C] 1346.20 1345.79 1346.00 1345.81 1345.88 1345.82
Fuel In Temp [C] 46.45 47.85 47.10 48.73 48.45 49.08
Oil Pan Temp [C] 99.73 99.44 99.63 99.76 99.44 99.59
Comp Intake Air Temp1 [C] 1347.01 1346.60 1346.81 1346.61 1346.69 1346.63
Comp Intake Air Temp2 [C] 42.12 20.20 19.07 18.00 18.45 18.04
Coolant Temp [C] 80.10 80.49 80.20 80.31 80.20 80.34
Aftercooler Out [C] 46.34 44.71 45.77 43.80 45.09 43.98
Turbine In [C] 525.99 523.43 531.53 529.73 533.62 535.39
Exhaust Temp [C] 447.41 439.15 440.36 430.20 430.79 423.33
Manifold Air Temp [C] 19.41 20.81 19.94 20.90 20.77 20.76
Heat Exchanger 1 T [C] 45.07 38.21 41.46 37.87 38.21 37.81
Heat Exchanger 2 T [C] 38.99 35.66 37.15 35.56 35.49 35.45
Throttle Position [%] 34.93 34.84 34.63 34.54 34.19 34.04
Fuel Flow (30 s Avg) [kg/hr] 10.10 9.61 9.18 8.71 8.11 7.87
Fuel Flow (1 min Avg) [kg/hr] 10.20 9.64 9.17 8.71 8.04 7.92
Fuel Flow (2 min Avg) [kg/hr] 10.30 9.50 9.30 8.49 8.27 7.93
HydEth Fuel Flow [kg/hr] 1.53 2.27 3.43 4.37 5.33 6.16
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
Mode 6 (1400 RPM, 350 Nm)
PFI - 160 Proof
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H2O [ppm] 77313.01 77611.88 79586.92 81157.15 84553.54 87643.71
CO2 [ppm] 79557.07 78592.98 77975.45 77378.74 77401.61 77152.53
CO [ppm] 507.50 677.21 845.52 919.11 929.23 1035.75
NO [ppm] 560.80 497.04 484.67 457.70 481.04 480.97
NO2 [ppm] 82.06 107.16 112.23 120.17 117.22 118.53
N2O [ppm] 0.65 0.63 0.62 0.62 0.64 0.63
NH3 [ppm] 0.03 0.03 0.08 0.08 0.09 0.09
HCHO [ppm] 15.69 22.60 31.74 39.49 45.88 55.32
CH4 [ppm] 0.71 1.97 3.52 3.94 5.57 7.27
C2H2 [ppm] 1.78 1.82 2.03 2.06 2.14 2.33
C2H4 [ppm] 12.70 16.92 22.46 26.52 30.73 36.14
C3H6 [ppm] 1.27 1.34 1.50 1.38 1.28 1.30
C4H6 [ppm] 0.33 0.35 0.40 0.32 0.24 0.25
MECHO [ppm] 11.91 17.91 26.76 34.37 39.77 49.46
C3H4O [ppm] 0.74 0.69 0.70 0.47 0.48 0.42
ETOH [ppm] 46.28 73.57 111.30 141.61 175.55 212.36
MEOH [ppm] 0.45 0.53 0.63 0.92 1.21 1.50
HCE [ppm] 34.56 44.59 58.42 66.41 75.63 88.45
Concentration [mg/m^3] 13.09 14.40 13.85 15.31 15.48 17.57
MSS Data
FTIR Data
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Pulse Width [ms] 1 2 3 4 5 6
Engine Speed [RPM] 1397.91 1397.78 1397.31 1396.46 1398.94 1398.10
Engine Torque [Nm] 246.91 246.89 246.83 246.95 246.84 246.88
LFE Dp [inH2O] 2.41 2.34 2.32 2.34 2.32 2.27
Compressor Out [kPa] 24.74 24.75 24.38 23.51 22.86 22.17
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 17.20 17.15 16.98 16.67 16.43 16.11
Turbine Out P [kPa] 0.42 0.41 0.41 0.41 0.42 0.42
Manifold Air P [kPa] 21.82 21.87 21.68 20.60 19.78 19.21
Cyl Head Temp [C] 1347.11 1347.60 1347.41 1346.92 1346.85 1346.52
Fuel In Temp [C] 50.91 50.66 49.78 49.34 49.83 49.38
Oil Pan Temp [C] 95.27 95.99 96.54 96.69 96.71 96.79
Comp Intake Air Temp1 [C] 1347.92 1348.41 1348.22 1347.73 1347.66 1347.33
Comp Intake Air Temp2 [C] 46.97 38.63 19.20 17.25 16.65 16.52
Coolant Temp [C] 79.95 80.37 81.23 81.35 80.79 81.24
Aftercooler Out [C] 47.46 47.06 45.81 44.43 43.67 43.00
Turbine In [C] 444.93 443.65 442.66 438.76 439.42 442.20
Exhaust Temp [C] 377.53 374.49 368.60 361.42 355.24 349.09
Manifold Air Temp [C] 27.12 19.46 18.61 23.22 20.47 20.67
Heat Exchanger 1 T [C] 42.74 47.13 45.82 40.65 39.82 40.10
Heat Exchanger 2 T [C] 38.97 42.44 40.94 38.05 37.95 37.82
Throttle Position [%] 33.91 33.64 33.39 33.13 33.08 32.89
Fuel Flow (30 s Avg) [kg/hr] 7.73 7.03 6.56 6.32 5.93 5.27
Fuel Flow (1 min Avg) [kg/hr] 7.67 7.00 6.64 6.38 5.75 5.43
Fuel Flow (2 min Avg) [kg/hr] 7.59 7.18 6.76 6.35 5.81 5.37
HydEth Fuel Flow [kg/hr] 0.64 1.77 2.58 3.52 4.46 5.43
Hydrous Ethanol Flow Data
Engine Data
Diesel Flow Data
PFI - 160 Proof
Mode 7 (1400 RPM, 250 Nm)
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H2O [ppm] 65253.19 67597.45 70243.45 74030.40 77642.17 79224.93
CO2 [ppm] 69213.93 67127.82 65894.32 65547.32 65285.30 64958.20
CO [ppm] 415.64 837.38 1133.13 1369.21 1409.73 1244.17
NO [ppm] 448.94 399.63 373.61 362.92 363.42 386.32
NO2 [ppm] 107.69 138.31 149.58 155.37 152.15 140.52
N2O [ppm] 0.70 0.68 0.64 0.67 0.69 0.73
NH3 [ppm] 0.01 0.07 0.10 0.08 0.15 0.13
HCHO [ppm] 17.80 33.28 44.05 54.12 63.37 71.41
CH4 [ppm] 0.69 5.92 8.52 9.67 10.04 11.56
C2H2 [ppm] 1.54 1.79 2.06 2.14 2.32 2.40
C2H4 [ppm] 12.81 23.21 29.07 34.03 39.29 44.74
C3H6 [ppm] 1.80 1.41 1.08 0.96 0.58 0.62
C4H6 [ppm] 0.40 0.40 0.30 0.33 0.32 0.39
MECHO [ppm] 13.92 27.86 38.00 49.17 60.17 70.27
C3H4O [ppm] 0.64 0.45 0.49 0.43 0.21 0.16
ETOH [ppm] 52.41 119.51 178.50 241.45 302.31 374.15
MEOH [ppm] 0.19 0.39 0.92 1.17 1.43 1.67
HCE [ppm] 36.15 61.47 75.01 85.75 95.56 108.77
Concentration [mg/m^3] 12.51 13.05 13.83 14.43 14.83 14.29
MSS Data
FTIR Data
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Pulse Width [ms] 0.8 0.9 1 1.5 2 2.5
Engine Speed [RPM] 998.40 998.90 999.05 996.42 998.18 997.54
Engine Torque [Nm] 16.77 16.70 16.81 16.79 16.71 16.92
LFE Dp [inH2O] 1.40 1.39 1.39 1.39 1.39 1.39
Compressor Out [kPa] 0.77 0.78 0.80 0.80 0.83 0.84
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 3.54 3.58 3.60 3.58 3.61 3.62
Turbine Out P [kPa] 0.12 0.12 0.13 0.13 0.12 0.14
Manifold Air P [kPa] 0.01 0.01 0.01 0.00 0.01 0.01
Cyl Head Temp [C] 1341.99 1341.71 1340.18 1341.41 1340.71 1341.08
Fuel In Temp [C] 40.63 40.55 37.69 40.22 38.94 39.72
Oil Pan Temp [C] 75.95 75.45 73.17 75.08 74.21 74.72
Comp Intake Air Temp1 [C] 1342.79 1342.51 1340.98 1342.21 1341.51 1341.88
Comp Intake Air Temp2 [C] 34.70 25.73 26.12 13.89 14.52 12.90
Coolant Temp [C] 70.62 69.90 69.23 69.56 69.56 69.58
Aftercooler Out [C] 28.32 28.08 25.94 27.78 26.86 27.36
Turbine In [C] 126.26 125.41 128.65 126.26 129.91 130.85
Exhaust Temp [C] 103.46 102.81 105.99 102.59 103.82 103.10
Manifold Air Temp [C] 25.11 24.97 24.48 24.81 24.60 24.73
Heat Exchanger 1 T [C] 32.82 31.97 31.73 31.57 31.78 31.82
Heat Exchanger 2 T [C] 31.38 30.79 30.02 30.31 30.50 30.47
Throttle Position [%] 13.63 13.63 13.62 13.47 13.55 13.47
Fuel Flow (30 s Avg) [kg/hr] 1.07 1.08 1.00 0.96 0.86 0.82
Fuel Flow (1 min Avg) [kg/hr] 1.05 1.07 1.03 0.98 0.88 0.80
Fuel Flow (2 min Avg) [kg/hr] 1.02 1.02 1.04 0.96 0.90 0.79
HydEth Fuel Flow [kg/hr] 0.12 0.39 0.53 0.87 1.29 1.62
Hydrous Ethanol Flow Data
Engine Data
Diesel Flow Data
PFI - 160 Proof
Mode 8 (1000 RPM, 0 Nm)
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H2O [ppm] 18498.45 19397.05 19729.40 21223.58 22490.48 23610.45
CO2 [ppm] 17117.77 16642.43 16442.28 15876.36 15743.88 15561.66
CO [ppm] 268.55 428.54 492.37 713.66 909.31 1076.17
NO [ppm] 157.08 109.08 94.98 76.06 62.72 57.16
NO2 [ppm] 85.55 123.45 133.53 137.48 138.59 129.40
N2O [ppm] 0.53 0.52 0.52 0.48 0.49 0.47
NH3 [ppm] 0.05 0.05 0.04 0.05 0.02 0.02
HCHO [ppm] 20.04 39.67 47.24 71.19 90.01 103.42
CH4 [ppm] 0.68 2.00 2.56 5.70 9.43 13.26
C2H2 [ppm] 1.76 1.89 1.83 2.38 1.93 2.06
C2H4 [ppm] 10.23 22.19 27.09 42.75 56.10 66.72
C3H6 [ppm] 1.56 1.85 2.10 1.78 2.20 2.09
C4H6 [ppm] 0.31 0.40 0.49 0.60 0.34 0.33
MECHO [ppm] 20.93 42.72 51.84 80.93 105.25 122.51
C3H4O [ppm] 1.11 1.94 2.35 3.29 3.41 4.45
ETOH [ppm] 233.31 697.25 910.81 1586.06 2235.82 2785.10
MEOH [ppm] 0.19 0.44 0.50 1.00 1.38 2.57
HCE [ppm] 30.29 57.12 68.53 103.54 132.63 157.51
Concentration [mg/m^3] 1.45 1.37 1.50 1.31 1.39 1.25
MSS Data
FTIR Data
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Pulse Width [ms] 2 4 6 8 10 12
Engine Speed [RPM] 2398.78 2396.47 2400.94 2396.71 2395.83 2398.00
Engine Torque [Nm] 446.70 446.57 446.70 446.58 446.74 446.68
LFE Dp [inH2O] 8.19 8.19 8.22 8.08 8.00 7.69
Compressor Out [kPa] 143.95 145.07 143.66 140.52 137.28 129.69
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 131.32 132.16 131.49 127.57 124.41 116.57
Turbine Out P [kPa] 4.65 4.74 4.73 4.62 4.52 4.14
Manifold Air P [kPa] 153.47 154.38 153.12 149.33 146.04 137.64
Cyl Head Temp [C] 1346.19 1346.45 1346.13 1346.43 1346.09 1346.33
Fuel In Temp [C] 58.37 57.64 61.47 59.53 63.60 65.25
Oil Pan Temp [C] 115.53 116.28 115.41 116.05 116.01 115.36
Comp Intake Air Temp1 [C] 1346.99 1347.26 1346.93 1347.23 1346.89 1347.14
Comp Intake Air Temp2 [C] 23.00 22.77 22.44 22.58 22.32 22.14
Coolant Temp [C] 81.92 81.59 81.18 81.50 80.81 81.63
Aftercooler Out [C] 43.44 42.45 42.44 42.80 41.86 42.08
Turbine In [C] 549.38 556.81 563.88 571.19 577.42 570.00
Exhaust Temp [C] 421.12 419.76 415.74 412.35 407.12 397.17
Manifold Air Temp [C] 20.11 19.76 20.57 20.03 21.26 20.04
Heat Exchanger 1 T [C] 26.98 29.48 28.23 26.45 25.60 27.85
Heat Exchanger 2 T [C] 27.98 30.96 28.10 27.73 27.07 28.25
Throttle Position [%] 80.06 79.69 79.47 78.84 78.45 77.94
Fuel Flow (30 s Avg) [kg/hr] 23.76 22.37 21.18 19.20 17.49 15.14
Fuel Flow (1 min Avg) [kg/hr] 23.74 22.35 21.20 19.17 17.44 15.18
Fuel Flow (2 min Avg) [kg/hr] 23.29 22.65 20.63 19.71 17.75 15.91
HydEth Fuel Flow [kg/hr] 2.52 5.40 7.97 11.09 13.67 17.33
Diesel Flow Data
Engine Data
Hydrous Ethanol Flow Data
PFI - 180 Proof
Mode 1 (2400 RPM, 450 Nm)
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H2O [ppm] 62999.73 65124.17 67682.66 70430.52 72939.57 76590.16
CO2 [ppm] 65385.31 63961.34 63216.42 62209.71 61531.66 61580.67
CO [ppm] 618.60 1167.76 1623.63 2040.44 2196.16 1809.51
NO [ppm] 246.35 196.46 156.84 156.06 155.29 222.13
NO2 [ppm] 136.26 143.22 160.18 157.46 155.91 142.81
N2O [ppm] 0.62 0.60 0.59 0.55 0.57 0.59
NH3 [ppm] 0.01 0.14 0.12 0.10 0.10 0.08
HCHO [ppm] 30.57 50.79 72.17 90.08 109.87 128.85
CH4 [ppm] 1.45 7.44 12.39 15.58 15.84 17.45
C2H2 [ppm] 1.42 1.57 1.90 2.19 2.32 2.45
C2H4 [ppm] 18.69 29.81 40.80 48.30 57.89 66.41
C3H6 [ppm] 0.49 0.54 0.25 0.31 0.21 0.16
C4H6 [ppm] 0.27 0.25 0.32 0.33 0.31 0.54
MECHO [ppm] 23.19 41.12 61.79 80.41 105.65 129.86
C3H4O [ppm] 0.71 0.48 0.06 0.02 0.00 0.01
ETOH [ppm] 61.15 122.24 202.56 287.45 418.83 561.52
MEOH [ppm] 0.56 1.15 1.99 2.62 3.14 3.98
HCE [ppm] 43.34 71.96 98.57 117.66 136.60 156.01
Concentration [mg/m^3] 12.85 14.69 16.64 20.37 18.87 15.88
FTIR Data
MSS Data
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Pulse Width [ms] 2 4 8 10 12 15
Engine Speed [RPM] 2398.59 2398.87 2399.55 2399.22 2401.42 2398.61
Engine Torque [Nm] 346.68 346.54 346.61 346.60 346.59 346.71
LFE Dp [inH2O] 7.11 7.09 6.68 6.55 6.62 6.69
Compressor Out [kPa] 115.87 115.24 102.92 98.82 99.78 101.35
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 103.14 102.78 91.69 87.90 88.81 90.23
Turbine Out P [kPa] 3.43 3.47 3.05 2.86 2.86 2.88
Manifold Air P [kPa] 122.46 121.62 108.15 103.56 104.62 106.37
Cyl Head Temp [C] 1347.74 1347.67 1347.46 1347.13 1346.78 1346.88
Fuel In Temp [C] 60.45 61.69 67.30 71.44 69.87 71.03
Oil Pan Temp [C] 112.75 113.15 112.97 112.72 112.26 112.62
Comp Intake Air Temp1 [C] 1348.55 1348.48 1348.27 1347.93 1347.59 1347.68
Comp Intake Air Temp2 [C] 26.82 21.16 20.33 20.18 20.31 20.43
Coolant Temp [C] 82.55 82.05 81.83 82.06 81.46 81.41
Aftercooler Out [C] 43.97 42.25 40.18 39.90 40.41 40.13
Turbine In [C] 511.03 516.14 525.78 528.79 541.96 559.33
Exhaust Temp [C] 391.25 385.85 371.22 363.09 362.59 360.93
Manifold Air Temp [C] 22.78 20.84 20.46 21.83 22.07 22.13
Heat Exchanger 1 T [C] 37.34 34.93 33.49 33.10 31.49 32.37
Heat Exchanger 2 T [C] 34.84 32.97 32.25 31.87 31.20 31.66
Throttle Position [%] 78.79 78.50 77.40 76.94 76.81 76.27
Fuel Flow (30 s Avg) [kg/hr] 18.61 17.10 13.04 11.35 10.03 8.33
Fuel Flow (1 min Avg) [kg/hr] 18.59 17.13 13.09 11.40 10.03 8.32
Fuel Flow (2 min Avg) [kg/hr] 18.74 17.40 13.86 11.76 9.75 8.29
HydEth Fuel Flow [kg/hr] 2.64 5.61 11.76 14.69 18.20 22.26
PFI - 180 Proof
Mode 2 (2400 RPM, 350 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 58181.01 60689.57 67807.55 70886.35 73109.93 76133.09
CO2 [ppm] 59630.31 57803.84 56439.44 55969.41 54540.47 52897.14
CO [ppm] 822.00 1510.40 2181.58 1693.27 1843.06 1960.55
NO [ppm] 193.80 151.57 193.65 215.26 189.69 188.10
NO2 [ppm] 140.43 156.72 165.54 141.31 127.43 109.67
N2O [ppm] 0.66 0.63 0.63 0.65 0.61 0.57
NH3 [ppm] 0.12 0.08 0.05 0.06 0.05 0.07
HCHO [ppm] 53.36 82.79 109.08 130.74 159.86 185.73
CH4 [ppm] 4.04 13.89 16.76 19.11 25.71 36.39
C2H2 [ppm] 1.79 2.28 2.45 2.82 3.14 3.83
C2H4 [ppm] 29.81 46.69 58.74 71.06 88.47 113.24
C3H6 [ppm] 0.95 0.40 0.50 0.26 0.16 0.44
C4H6 [ppm] 0.09 0.36 0.35 0.50 0.36 0.46
MECHO [ppm] 43.64 71.75 107.31 136.63 178.13 239.86
C3H4O [ppm] 0.41 0.05 0.02 0.02 0.00 0.00
ETOH [ppm] 133.17 259.87 532.34 775.16 1112.55 1884.95
MEOH [ppm] 1.09 2.44 3.00 3.96 5.03 5.37
HCE [ppm] 69.22 113.55 141.08 168.40 208.49 272.39
Concentration [mg/m^3] 21.04 21.60 17.56 14.04 10.63 7.17
MSS Data
FTIR Data
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Pulse Width [ms] 2 4 6 8 9
Engine Speed [RPM] 2399.31 2388.88 2401.17 2384.56 2395.55
Engine Torque [Nm] 246.73 246.81 246.81 246.78 246.90
LFE Dp [inH2O] 5.63 5.66 5.66 5.58 5.67
Compressor Out [kPa] 75.86 73.79 73.40 71.15 72.59
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 69.19 67.72 67.13 65.12 66.28
Turbine Out P [kPa] 2.14 2.09 2.05 1.94 1.96
Manifold Air P [kPa] 78.35 75.73 75.78 73.09 74.79
Cyl Head Temp [C] 1348.31 1345.07 1348.00 1346.34 1347.31
Fuel In Temp [C] 67.55 68.51 65.31 71.17 62.17
Oil Pan Temp [C] 108.90 108.29 107.31 108.81 104.69
Comp Intake Air Temp1 [C] 1349.12 1345.87 1348.80 1347.15 1348.12
Comp Intake Air Temp2 [C] 30.73 19.43 19.40 19.21 19.66
Coolant Temp [C] 82.68 81.07 81.76 80.96 81.38
Aftercooler Out [C] 45.45 43.73 44.80 43.72 44.25
Turbine In [C] 451.09 458.57 476.82 486.30 503.71
Exhaust Temp [C] 348.73 345.83 343.46 339.11 340.48
Manifold Air Temp [C] 21.90 27.06 26.56 27.77 27.97
Heat Exchanger 1 T [C] 35.16 36.42 32.43 30.59 34.01
Heat Exchanger 2 T [C] 34.10 32.83 31.36 28.61 31.88
Throttle Position [%] 77.43 77.20 76.93 76.33 76.13
Fuel Flow (30 s Avg) [kg/hr] 13.12 11.48 10.06 8.54 7.66
Fuel Flow (1 min Avg) [kg/hr] 13.09 11.46 9.97 8.53 7.66
Fuel Flow (2 min Avg) [kg/hr] 12.56 11.89 9.50 8.52 7.55
HydEth Fuel Flow [kg/hr] 2.70 5.83 8.74 12.30 13.41
PFI - 180 Proof
Mode 3 (2400 RPM, 250 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 53490.71 57685.30 61765.21 65852.96 66782.50
CO2 [ppm] 53215.31 51933.70 50679.22 50494.44 49555.02
CO [ppm] 1097.98 2116.89 2737.13 2433.55 2359.91
NO [ppm] 196.29 167.88 132.75 156.74 133.83
NO2 [ppm] 160.68 164.16 161.16 136.34 131.27
N2O [ppm] 0.74 0.66 0.66 0.62 0.59
NH3 [ppm] 0.10 0.10 0.05 0.08 0.07
HCHO [ppm] 71.05 92.86 121.93 162.98 162.68
CH4 [ppm] 10.74 26.54 31.57 35.89 33.71
C2H2 [ppm] 1.96 2.55 3.00 3.40 3.50
C2H4 [ppm] 41.69 58.65 72.54 97.14 99.44
C3H6 [ppm] 0.95 0.86 0.44 0.27 0.50
C4H6 [ppm] 0.12 0.12 0.59 0.36 0.48
MECHO [ppm] 58.74 84.12 119.96 184.73 197.45
C3H4O [ppm] 0.12 0.09 0.01 0.00 0.00
ETOH [ppm] 213.54 389.40 637.34 1071.25 1309.54
MEOH [ppm] 1.69 2.47 3.56 5.20 4.62
HCE [ppm] 100.12 150.97 185.34 237.49 241.98
Concentration [mg/m^3] 19.60 18.63 17.41 11.93 8.91
MSS Data
FTIR Data
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Pulse Width [ms] 1 2 3 4
Engine Speed [RPM] 2386.75 2391.76 2389.46 2388.40
Engine Torque [Nm] 46.97 46.97 46.96 47.12
LFE Dp [inH2O] 3.74 3.77 3.80 3.88
Compressor Out [kPa] 20.86 21.59 22.43 24.38
Compressor In [kPa] 0.00 0.00 0.00 0.00
Turbine In P [kPa] 28.94 29.98 29.68 31.23
Turbine Out P [kPa] 0.75 0.79 0.81 0.84
Manifold Air P [kPa] 17.08 17.70 18.77 21.01
Cyl Head Temp [C] 1342.44 1339.35 1341.60 1340.42
Fuel In Temp [C] 58.23 45.54 56.31 51.77
Oil Pan Temp [C] 100.82 91.70 99.52 96.74
Comp Intake Air Temp1 [C] 1343.24 1340.16 1342.40 1341.22
Comp Intake Air Temp2 [C] 34.54 13.16 13.47 13.43
Coolant Temp [C] 81.93 81.47 81.65 81.57
Aftercooler Out [C] 37.03 34.05 37.27 35.84
Turbine In [C] 260.27 259.47 278.28 294.47
Exhaust Temp [C] 210.82 208.64 213.24 215.18
Manifold Air Temp [C] 25.95 24.48 25.60 24.97
Heat Exchanger 1 T [C] 31.15 31.62 28.70 30.21
Heat Exchanger 2 T [C] 28.86 29.44 27.12 27.98
Throttle Position [%] 75.54 75.48 75.47 75.35
Fuel Flow (30 s Avg) [kg/hr] 4.84 4.28 4.03 4.00
Fuel Flow (1 min Avg) [kg/hr] 4.80 4.28 4.04 4.06
Fuel Flow (2 min Avg) [kg/hr] 4.71 4.40 4.31 4.01
HydEth Fuel Flow [kg/hr] 1.20 2.97 4.43 6.08
PFI - 180 Proof
Mode 4 (2400 RPM, 50 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 31078.07 33217.90 35573.66 37281.70
CO2 [ppm] 28889.58 27877.38 28009.92 27982.72
CO [ppm] 723.55 1243.27 1631.35 1893.36
NO [ppm] 78.00 47.20 40.73 31.55
NO2 [ppm] 103.49 111.52 102.42 82.26
N2O [ppm] 0.58 0.47 0.39 0.21
NH3 [ppm] 0.08 0.05 0.08 0.26
HCHO [ppm] 65.15 118.91 154.08 186.22
CH4 [ppm] 6.45 18.97 31.80 45.40
C2H2 [ppm] 3.48 4.92 5.15 6.42
C2H4 [ppm] 40.48 81.41 112.45 141.12
C3H6 [ppm] 2.44 3.19 3.91 6.18
C4H6 [ppm] 0.32 0.76 0.45 0.39
MECHO [ppm] 71.08 136.97 197.43 243.83
C3H4O [ppm] 2.75 4.52 0.00 0.01
ETOH [ppm] 711.67 1823.14 2680.66 3742.86
MEOH [ppm] 1.52 3.00 3.89 8.45
HCE [ppm] 102.62 204.09 279.64 358.72
Concentration [mg/m^3] 1.69 1.63 1.43 1.09
FTIR Data
MSS Data
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Pulse Width [ms] 1 2 3 4 5 6
Engine Speed [RPM] 1398.80 1399.48 1399.16 1398.69 1399.59 1398.70
Engine Torque [Nm] 446.93 446.89 446.93 446.90 446.93 446.91
LFE Dp [inH2O] 3.15 3.11 3.12 3.10 3.08 3.05
Compressor Out [kPa] 62.35 61.96 61.10 60.58 59.54 58.19
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 34.65 34.45 34.28 34.05 33.68 33.02
Turbine Out P [kPa] 0.90 0.90 0.90 0.90 0.89 0.87
Manifold Air P [kPa] 64.24 63.83 62.88 62.28 61.04 59.59
Cyl Head Temp [C] 1346.84 1347.05 1346.74 1347.00 1346.77 1346.90
Fuel In Temp [C] 47.67 47.20 47.96 48.30 48.78 48.73
Oil Pan Temp [C] 102.50 102.66 102.06 102.76 102.34 102.48
Comp Intake Air Temp1 [C] 1347.64 1347.86 1347.55 1347.81 1347.58 1347.71
Comp Intake Air Temp2 [C] 45.53 42.11 18.42 18.45 18.12 18.19
Coolant Temp [C] 79.85 79.65 79.64 79.31 79.33 79.33
Aftercooler Out [C] 43.14 44.86 42.41 42.33 41.84 41.74
Turbine In [C] 578.81 583.13 578.78 585.62 588.52 589.26
Exhaust Temp [C] 504.13 503.44 494.26 493.14 486.83 484.38
Manifold Air Temp [C] 20.20 19.24 20.80 19.37 20.22 20.02
Heat Exchanger 1 T [C] 41.41 45.41 39.69 42.34 39.56 39.85
Heat Exchanger 2 T [C] 36.59 39.05 36.00 37.16 35.81 35.67
Throttle Position [%] 36.15 35.96 35.70 35.46 35.32 35.14
Fuel Flow (30 s Avg) [kg/hr] 13.26 12.86 12.31 11.48 10.98 10.63
Fuel Flow (1 min Avg) [kg/hr] 13.28 12.91 12.24 11.55 10.99 10.64
Fuel Flow (2 min Avg) [kg/hr] 13.30 12.84 12.16 11.63 10.97 10.60
HydEth Fuel Flow [kg/hr] 0.71 1.66 2.54 3.53 4.44 5.22
PFI - 180 Proof
Mode 5 (1400 RPM, 450 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 80319.21 80198.48 81371.82 82953.67 84493.31 86612.10
CO2 [ppm] 88783.70 88012.60 86865.40 85904.35 85117.90 84867.61
CO [ppm] 413.03 526.00 642.89 725.05 801.11 841.23
NO [ppm] 736.62 723.52 647.06 628.72 582.41 573.63
NO2 [ppm] 31.34 30.56 56.13 52.22 64.73 61.00
N2O [ppm] 0.50 0.52 0.50 0.51 0.53 0.53
NH3 [ppm] 0.15 0.25 0.05 0.05 0.22 0.24
HCHO [ppm] 5.98 11.08 16.32 20.95 26.24 31.07
CH4 [ppm] 0.00 0.00 0.20 0.76 1.62 2.59
C2H2 [ppm] 1.93 2.09 2.19 2.23 2.19 2.32
C2H4 [ppm] 5.72 9.54 13.21 16.54 20.12 23.65
C3H6 [ppm] 0.43 0.40 0.50 0.49 0.34 0.51
C4H6 [ppm] 0.19 0.23 0.26 0.28 0.22 0.38
MECHO [ppm] 3.43 8.46 13.60 18.20 23.16 28.33
C3H4O [ppm] 1.05 0.91 0.94 0.80 0.81 0.77
ETOH [ppm] 12.96 30.03 51.33 68.70 89.23 109.55
MEOH [ppm] 0.17 0.29 0.45 0.60 0.56 0.79
HCE [ppm] 14.51 23.59 32.56 40.05 47.00 56.93
Concentration [mg/m^3] 14.01 13.66 15.14 14.21 16.90 19.13
MSS Data
FTIR Data
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Pulse Width [ms] 1 2 3 4 5 6
Engine Speed [RPM] 1399.30 1399.25 1398.03 1398.52 1400.11 1396.09
Engine Torque [Nm] 346.77 346.92 346.99 346.94 346.97 346.94
LFE Dp [inH2O] 2.76 2.74 2.75 2.69 2.67 2.62
Compressor Out [kPa] 43.13 42.88 41.91 40.84 39.42 37.21
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 26.11 25.93 25.61 25.01 24.49 23.42
Turbine Out P [kPa] 0.66 0.66 0.63 0.59 0.58 0.52
Manifold Air P [kPa] 42.84 42.50 41.33 40.28 38.49 36.05
Cyl Head Temp [C] 1347.01 1348.23 1347.11 1348.01 1347.38 1347.64
Fuel In Temp [C] 48.74 48.40 49.54 49.17 49.84 50.64
Oil Pan Temp [C] 99.59 99.93 99.78 99.99 99.96 100.14
Comp Intake Air Temp1 [C] 1347.82 1349.03 1347.92 1348.82 1348.18 1348.45
Comp Intake Air Temp2 [C] 42.70 37.98 16.54 16.58 16.39 16.12
Coolant Temp [C] 80.28 80.24 80.21 80.33 80.28 80.71
Aftercooler Out [C] 40.50 40.33 39.65 39.83 39.17 38.62
Turbine In [C] 516.70 524.70 519.99 530.68 523.17 530.85
Exhaust Temp [C] 443.94 443.42 435.84 434.37 428.15 420.42
Manifold Air Temp [C] 21.84 20.84 21.59 20.34 20.96 22.46
Heat Exchanger 1 T [C] 41.11 47.44 39.87 43.38 41.22 39.83
Heat Exchanger 2 T [C] 37.38 41.69 36.75 39.20 37.87 37.12
Throttle Position [%] 35.11 34.95 34.77 34.50 34.38 33.97
Fuel Flow (30 s Avg) [kg/hr] 10.61 10.01 9.40 8.82 8.43 7.56
Fuel Flow (1 min Avg) [kg/hr] 10.57 10.00 9.50 8.81 8.44 7.61
Fuel Flow (2 min Avg) [kg/hr] 10.55 10.03 9.48 8.88 8.42 7.66
HydEth Fuel Flow [kg/hr] 0.67 1.59 2.45 3.51 4.37 5.43
PFI - 180 Proof
Mode 6 (1400 RPM, 350 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 73996.93 76204.26 78326.15 79499.31 79631.36 83664.35
CO2 [ppm] 79836.22 79094.90 78195.71 77748.43 77385.18 78022.58
CO [ppm] 363.54 603.43 798.57 930.75 966.04 1046.58
NO [ppm] 579.03 568.18 509.33 521.63 521.00 544.11
NO2 [ppm] 55.40 55.88 85.47 79.47 89.57 84.98
N2O [ppm] 0.58 0.60 0.58 0.59 0.60 0.60
NH3 [ppm] 0.06 0.10 0.19 0.26 0.23 0.18
HCHO [ppm] 11.27 20.48 28.81 41.35 46.43 57.18
CH4 [ppm] 0.00 1.29 2.92 3.65 4.52 6.00
C2H2 [ppm] 1.85 1.83 1.99 2.07 2.14 2.31
C2H4 [ppm] 9.53 15.52 20.67 26.73 30.12 35.74
C3H6 [ppm] 0.79 0.56 0.82 0.93 0.95 0.88
C4H6 [ppm] 0.37 0.55 0.36 0.32 0.30 0.31
MECHO [ppm] 7.16 15.16 23.85 35.71 40.92 53.61
C3H4O [ppm] 0.87 0.85 0.97 0.72 0.67 0.55
ETOH [ppm] 27.48 59.92 98.33 146.62 178.07 237.29
MEOH [ppm] 0.26 0.50 0.44 0.91 1.07 1.44
HCE [ppm] 25.41 39.44 51.67 64.92 72.54 85.63
Concentration [mg/m^3] 14.43 14.35 14.50 15.34 14.83 19.60
FTIR Data
MSS Data
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Pulse Width [ms] 1 2 2.5 3 3.5 4
Engine Speed [RPM] 1401.33 1399.07 1399.04 1398.28 1398.95 1398.30
Engine Torque [Nm] 247.26 247.24 247.13 247.15 247.03 247.15
LFE Dp [inH2O] 2.42 2.40 2.38 2.39 2.38 2.36
Compressor Out [kPa] 25.00 24.62 24.34 23.61 23.13 22.75
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 17.95 17.71 17.60 17.31 17.10 16.91
Turbine Out P [kPa] 0.44 0.43 0.42 0.41 0.41 0.41
Manifold Air P [kPa] 22.61 22.10 21.33 20.93 20.30 19.88
Cyl Head Temp [C] 1343.23 1344.17 1347.88 1345.94 1347.46 1346.79
Fuel In Temp [C] 47.30 49.63 51.74 49.95 52.59 52.06
Oil Pan Temp [C] 93.09 94.94 96.79 94.36 96.68 96.09
Comp Intake Air Temp1 [C] 1344.04 1344.97 1348.69 1346.75 1348.27 1347.60
Comp Intake Air Temp2 [C] 41.52 36.25 34.92 16.28 15.76 16.07
Coolant Temp [C] 80.06 79.67 80.06 79.91 79.69 79.63
Aftercooler Out [C] 39.74 42.07 43.89 42.38 43.72 43.82
Turbine In [C] 437.17 442.99 443.37 441.46 442.60 442.32
Exhaust Temp [C] 369.35 369.38 366.22 364.36 359.28 359.96
Manifold Air Temp [C] 26.17 26.65 24.63 27.12 27.34 27.55
Heat Exchanger 1 T [C] 36.46 36.64 39.79 38.75 36.51 36.83
Heat Exchanger 2 T [C] 34.03 34.50 38.34 35.81 35.41 35.16
Throttle Position [%] 34.16 33.72 33.60 33.40 33.32 33.17
Fuel Flow (30 s Avg) [kg/hr] 7.55 6.92 6.84 6.46 6.23 5.75
Fuel Flow (1 min Avg) [kg/hr] 7.54 6.91 6.87 6.45 6.24 5.86
Fuel Flow (2 min Avg) [kg/hr] 7.55 6.97 6.81 6.52 6.23 5.93
HydEth Fuel Flow [kg/hr] 0.75 1.75 2.13 2.64 3.13 3.60
PFI - 180 Proof
Mode 7 (1400 RPM, 250 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 63317.06 66600.46 68119.35 69937.80 71527.81 73106.28
CO2 [ppm] 68254.11 67147.23 66610.04 66590.11 66151.92 65843.97
CO [ppm] 477.09 956.12 1134.38 1290.96 1364.32 1412.05
NO [ppm] 441.03 403.36 395.30 402.37 401.57 419.21
NO2 [ppm] 82.54 110.76 125.28 121.77 131.53 128.18
N2O [ppm] 0.64 0.64 0.64 0.63 0.66 0.64
NH3 [ppm] 0.06 0.22 0.18 0.19 0.15 0.22
HCHO [ppm] 22.92 40.10 45.98 52.54 58.11 65.21
CH4 [ppm] 1.17 7.10 8.84 9.70 9.55 10.09
C2H2 [ppm] 1.73 2.16 2.26 2.33 2.35 2.40
C2H4 [ppm] 15.87 27.57 30.42 33.45 35.86 39.08
C3H6 [ppm] 1.04 0.86 0.83 0.91 0.87 0.51
C4H6 [ppm] 0.38 0.35 0.37 0.36 0.39 0.46
MECHO [ppm] 18.28 35.00 40.74 47.73 54.80 62.32
C3H4O [ppm] 1.01 0.90 0.84 0.51 0.51 0.35
ETOH [ppm] 73.54 159.59 192.70 228.72 272.08 310.07
MEOH [ppm] 0.24 0.64 0.81 1.02 1.15 1.41
HCE [ppm] 40.78 70.14 77.75 85.03 89.69 95.75
Concentration [mg/m^3] 11.36 12.77 14.97 16.55 15.55 14.67
MSS Data
FTIR Data
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Pulse Width [ms] 0.8 0.9 1 1.5 2 2.5
Engine Speed [RPM] 999.16 999.64 999.91 1000.79 1001.46 998.87
Engine Torque [Nm] 17.16 17.29 17.21 17.10 17.16 17.16
LFE Dp [inH2O] 1.37 1.37 1.40 1.38 1.39 1.37
Compressor Out [kPa] 0.86 0.85 0.74 0.92 0.95 0.96
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 3.75 3.77 3.79 3.79 3.83 3.81
Turbine Out P [kPa] 0.13 0.13 0.13 0.12 0.13 0.13
Manifold Air P [kPa] 0.03 0.03 0.03 0.03 0.03 0.03
Cyl Head Temp [C] 1340.05 1339.51 1337.47 1340.46 1340.89 1341.20
Fuel In Temp [C] 38.28 37.38 32.79 39.07 40.11 40.60
Oil Pan Temp [C] 76.38 74.71 66.12 77.53 78.53 78.98
Comp Intake Air Temp1 [C] 1340.85 1340.31 1338.27 1341.27 1341.69 1342.00
Comp Intake Air Temp2 [C] 31.67 28.18 23.78 15.32 11.84 9.78
Coolant Temp [C] 84.16 82.50 73.55 85.48 86.48 86.54
Aftercooler Out [C] 22.85 22.48 21.07 23.12 23.46 23.69
Turbine In [C] 123.00 122.92 119.28 125.94 128.08 130.16
Exhaust Temp [C] 101.44 101.00 97.61 102.29 102.44 102.42
Manifold Air Temp [C] 23.77 23.47 22.24 23.91 23.98 24.29
Heat Exchanger 1 T [C] 31.88 31.60 28.43 32.10 32.03 31.72
Heat Exchanger 2 T [C] 30.21 29.67 27.30 30.62 30.97 30.82
Throttle Position [%] 13.68 13.69 13.69 13.69 13.68 13.51
Fuel Flow (30 s Avg) [kg/hr] 1.02 0.99 0.96 0.87 0.84 0.77
Fuel Flow (1 min Avg) [kg/hr] 1.02 0.98 0.96 0.88 0.84 0.77
Fuel Flow (2 min Avg) [kg/hr] 1.02 0.98 0.98 0.90 0.84 0.77
HydEth Fuel Flow [kg/hr] 0.16 0.39 0.48 0.88 1.29 1.55
PFI - 180 Proof
Mode 8 (1000 RPM, 0 Nm)
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
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H2O [ppm] 17229.08 17850.72 18140.95 19295.24 20377.12 21217.92
CO2 [ppm] 16821.27 16405.17 16292.89 15563.77 15584.11 15218.26
CO [ppm] 292.63 448.65 552.05 781.73 1014.13 1204.41
NO [ppm] 145.26 103.61 90.96 71.51 61.78 55.25
NO2 [ppm] 94.53 127.76 132.33 143.83 137.07 127.74
N2O [ppm] 0.45 0.49 0.49 0.45 0.44 0.44
NH3 [ppm] 0.07 0.06 0.05 0.06 0.05 0.03
HCHO [ppm] 23.40 42.42 51.18 80.36 101.31 115.55
CH4 [ppm] 0.85 2.02 3.19 6.61 11.09 15.65
C2H2 [ppm] 1.85 1.87 2.19 2.41 2.08 2.10
C2H4 [ppm] 12.31 24.02 29.94 48.22 63.28 75.05
C3H6 [ppm] 1.38 1.59 1.83 1.48 1.78 2.07
C4H6 [ppm] 0.36 0.42 0.51 0.52 0.45 0.33
MECHO [ppm] 24.55 46.31 54.38 94.39 121.36 140.80
C3H4O [ppm] 1.50 2.44 3.14 4.34 4.40 5.28
ETOH [ppm] 319.70 790.18 1047.97 1876.15 2634.73 3304.92
MEOH [ppm] 0.25 0.43 0.65 1.10 2.03 2.61
HCE [ppm] 34.38 60.03 74.88 114.12 148.08 176.38
Concentration [mg/m^3] 1.14 1.62 1.56 1.43 1.39 1.33
FTIR Data
MSS Data
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Mode 1 2 3 4 5 6 7 8
RPM 2400 2400 2400 2400 1400 1400 1400 1000
Nm 450 350 250 50 450 350 250 0
Engine Speed [RPM] 2398.95 2400.19 2407.04 2399.19 1400.01 1397.78 1398.25 1000.73
Engine Torque [Nm] 446.80 346.95 247.11 47.35 447.28 347.10 247.32 16.80
LFE Dp [inH2O] 7.96 6.95 5.69 3.68 3.15 2.72 2.39 1.39
Compressor Out [kPa] 144.38 116.11 79.29 21.45 61.40 42.46 24.67 0.94
Compressor In [kPa] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Turbine In P [kPa] 128.03 102.06 72.50 29.59 34.09 25.22 17.49 3.79
Turbine Out P [kPa] 4.27 3.13 2.06 0.73 0.73 0.53 0.40 0.13
Cyl Head Temp [C] 1347.08 1346.15 1345.27 1344.90 1342.72 1340.39 1337.83 1335.32
Fuel In Temp [C] 54.90 57.33 61.51 60.07 46.60 45.34 41.38 32.04
Oil Pan Temp [C] 114.47 111.22 106.66 100.31 100.53 96.20 89.48 69.04
Comp Intake Air Temp1 [C] 1347.88 1346.95 1346.08 1345.70 1343.52 1341.20 1338.63 1336.12
Comp Intake Air Temp2 [C] 54.23 54.56 51.76 47.08 48.14 50.94 46.21 32.48
Coolant Temp [C] 81.20 80.99 81.05 78.80 77.85 78.81 79.68 66.27
Aftercooler Out [C] 50.35 50.56 47.71 42.12 40.77 45.51 40.96 22.82
Turbine In [C] 541.35 500.05 447.46 266.71 575.58 518.28 428.27 126.06
Exhaust Temp [C] 422.82 394.18 352.85 213.82 502.39 445.81 365.75 104.35
Manifold Air Temp [C] 25.91 25.52 25.09 24.78 25.28 24.03 22.43 20.25
Fuel Flow (30 s Avg) [kg/hr] 24.67 19.69 14.58 5.18 13.50 10.61 7.71 1.06
Fuel Flow (1 min Avg) [kg/hr] 24.67 19.68 14.57 5.24 13.64 10.66 7.73 1.06
Fuel Flow (2 min Avg) [kg/hr] 24.66 19.69 14.54 5.25 13.74 10.72 7.71 1.07
CDC
Engine Data
Diesel Flow Data
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H2O [ppm] 57493.17 52231.02 46346.94 25587.06 77769.44 70890.26 58432.45 15187.45
CO2 [ppm] 64968.44 59267.37 52860.50 28319.82 86125.82 78550.08 65996.66 16462.79
CO [ppm] 96.64 133.00 148.20 279.22 294.75 143.51 119.84 173.52
NO [ppm] 434.75 357.18 328.79 163.47 782.51 674.31 539.78 205.72
NO2 [ppm] 22.39 24.99 27.89 35.13 17.79 19.85 26.04 39.85
N2O [ppm] 0.57 0.65 0.72 0.70 0.40 0.51 0.59 0.50
NH3 [ppm] 0.07 0.05 0.04 0.03 0.10 0.06 0.06 0.02
HNCO [ppm] 2.02 2.05 2.63 3.17 2.05 2.16 2.40 1.62
HCHO [ppm] 2.42 2.82 3.12 10.66 2.05 2.73 2.19 6.86
CH4 [ppm] 0.00 0.00 0.00 1.18 0.00 0.00 0.00 0.72
C2H2 [ppm] 1.24 1.41 1.34 2.37 2.02 1.76 1.53 1.94
C2H4 [ppm] 2.27 2.43 2.56 5.96 2.41 3.16 2.07 3.01
C3H6 [ppm] 0.75 1.00 0.70 1.78 0.71 0.98 0.97 1.37
C4H6 [ppm] 0.03 0.03 0.02 0.08 0.05 0.12 0.01 0.06
NC8 [ppm] 3.97 4.85 5.94 13.05 3.46 5.15 8.20 11.70
AHC [ppm] 0.65 0.86 1.25 4.68 0.32 1.05 1.42 4.92
SO2 [ppm] 0.13 0.08 0.06 0.84 0.37 0.35 0.21 1.18
MECHO [ppm] 0.38 0.47 0.47 3.22 0.33 0.40 0.18 1.98
HCN [ppm] 0.65 0.51 0.56 0.42 0.91 0.83 0.65 0.31
HCOOH [ppm] 0.27 0.32 0.36 1.15 0.40 0.38 0.38 0.86
C2H6 [ppm] 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.00
C3H8 [ppm] 0.01 0.01 0.01 0.92 0.00 0.00 0.00 1.02
HCD [ppm] 45.39 54.94 66.23 148.30 42.25 60.25 88.44 127.55
Concentration [mg/m^3] 9.89 17.49 20.20 3.25 14.06 11.97 10.67 1.54
FTIR Data
MSS Data
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Reformed Exhaust Gas Recirculation  
Initial REGR Operability Range Data 
 
Main Timing [DBTDC] 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Main Duration [ms] 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54
Pilot Timing [DBTDC] 18 18 18 18 18 18 18 18 18 18
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36 36 36 36
EGR Valve [%] 18 20 22 24 26 28 30 32 34 36
Compressor Out T [C] 31.99 31.84 31.95 31.95 31.98 31.99 31.95 32.01 31.95 31.96
AfterCooler Out T [C] 23.18 23.23 23.18 23.07 23.07 23.16 23.16 23.15 23.00 23.01
Coolant In T [C] 86.83 84.89 85.27 85.40 85.48 85.69 85.92 86.09 86.49 86.65
Coolant Out T [C] 88.43 87.53 87.72 87.87 87.87 88.07 88.13 88.31 88.48 88.54
Cooled EGR T [C] 57.41 58.06 55.62 54.40 53.32 55.30 56.71 58.33 57.95 58.30
Uncooled EGR T [C] 370.15 384.29 406.62 423.12 442.08 466.66 479.67 491.98 499.38 507.27
Turbine In T [C] 273.21 277.41 274.46 278.35 279.97 282.95 282.79 283.90 284.37 284.82
Turbine Out T [C] 257.38 261.76 258.60 261.34 262.82 265.75 265.56 267.00 267.42 267.39
Cylinder 1 Exhaust T [C] 230.17 234.12 231.48 237.20 236.33 241.09 238.93 240.38 239.68 239.55
Intake Manifold T [C] 32.71 33.75 33.81 33.93 33.62 32.09 31.82 31.59 30.97 31.27
LFE Air T [C] 149.63 133.79 150.99 182.14 139.62 159.84 136.83 168.33 181.56 149.81
Fuel at Primary Filter T [C] 19.58 19.34 19.46 19.41 19.37 19.48 19.51 19.52 19.50 19.51
Cylinder 2 Exhaust T [C] 239.66 243.47 239.94 226.62 247.19 251.47 249.44 250.91 251.30 251.51
Intake Manifold P [kPa] 6.13 6.25 6.11 6.20 6.26 6.16 6.16 6.03 6.21 6.01
Compressor Out P [kPa] 7.13 7.39 7.19 7.20 7.28 7.20 7.10 7.11 7.16 7.06
Exhaust Manifold P [kPa] 4.57 4.61 4.53 4.67 4.66 4.62 4.64 4.57 4.65 4.53
LFE In P [kPa] 0.22 0.23 0.22 0.23 0.22 0.23 0.22 0.23 0.22 0.22
Barometric P [kPa] 98.44 98.50 98.49 98.50 98.48 98.48 98.48 98.46 98.45 98.45
Brake Torque [N-m] 40.31 42.80 41.30 42.77 43.78 44.50 43.96 44.20 44.32 43.11
Engine Speed [RPM] 1489.78 1489.50 1489.46 1489.22 1489.06 1489.24 1489.96 1489.32 1489.44 1490.10
Coriolis Fuel Flow [kg/hr] 1.54 1.57 1.53 1.56 1.56 1.58 1.56 1.59 1.59 1.55
LFE DP [inH2O] 0.94 0.93 0.92 0.90 0.91 0.90 0.90 0.90 0.89 0.89
Fuel Flow 30s avg [g/s] 0.24 0.23 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Fuel Flow 1min avg [g/s] 0.24 0.23 0.23 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Fuel Flow 2min avg [g/s] 0.24 0.23 0.23 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Fuel Flow 5min avg [g/s] 0.24 0.23 0.23 0.23 0.24 0.24 0.24 0.24 0.24 0.24
Engine Data
Vaporizer Flow Data
REGR - Condition 1
1500 RPM
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AHC [ppm] 22.12 22.42 21.80 21.38 21.26 21.75 21.38 21.38 21.27 21.28
C2H2 [ppm] 2.42 1.56 1.77 1.95 2.12 2.42 2.56 2.66 2.87 2.88
C2H4 [ppm] 19.80 11.50 12.65 13.44 14.44 16.16 15.79 16.46 17.25 17.39
C2H6 [ppm] -11.72 -12.90 -12.36 -12.13 -12.17 -12.26 -11.89 -11.80 -11.74 -11.70
C3H6 [ppm] 5.50 3.11 3.56 3.61 4.03 4.40 4.33 4.48 4.73 4.72
C3H8 [ppm] 0.63 -0.59 -0.26 -0.15 0.06 0.56 0.48 0.48 0.67 0.60
C4H6 [ppm] 1.33 0.78 0.82 0.83 0.88 1.04 1.05 1.11 1.11 1.24
CH4 [ppm] 21.98 15.15 16.01 16.64 16.81 17.76 18.10 18.71 19.10 19.57
CO [ppm] 1666.26 1640.70 1771.58 1862.33 1890.90 1958.22 1967.99 2026.63 2050.81 2052.98
CO2 [ppm] 4.27E+04 4.42E+04 4.50E+04 4.60E+04 4.72E+04 4.85E+04 4.85E+04 4.87E+04 4.89E+04 4.98E+04
COS [ppm] -0.08 -0.08 -0.08 -0.08 -0.09 -0.09 -0.09 -0.10 -0.09 -0.10
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 4.72E+04 4.88E+04 4.97E+04 5.09E+04 5.25E+04 5.56E+04 5.48E+04 5.49E+04 5.74E+04 5.65E+04
HCD [ppm] 649.01 641.38 625.09 617.96 627.95 645.74 627.00 630.43 630.93 632.12
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 13.25 10.15 10.89 11.45 12.55 14.14 13.40 13.84 14.39 14.25
HCN [ppm] 0.26 0.17 0.19 0.25 0.24 0.29 0.22 0.27 0.31 0.32
HCOOH [ppm] 1.48 1.25 1.31 1.36 1.41 1.54 1.45 1.45 1.49 1.43
HNCO [ppm] 2.48 2.36 2.32 2.53 2.60 2.85 2.66 2.74 2.97 2.85
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 4.96 4.23 4.31 4.41 4.89 5.53 5.22 5.25 5.37 5.35
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.67 0.67 0.67 0.64 0.63 0.61 0.63 0.62 0.59 0.57
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 58.76 61.83 59.50 58.44 59.01 60.05 58.16 58.22 57.89 57.95
NH3 [ppm] 0.23 0.19 0.19 0.17 0.18 0.27 0.25 0.32 0.42 0.36
NMHC [ppm] 627.03 626.20 609.05 601.28 611.11 627.95 608.88 611.70 611.82 612.53
NO [ppm] 160.72 165.48 151.76 142.81 143.02 131.68 127.74 120.55 113.77 115.70
NO2 [ppm] 179.20 174.60 171.07 167.42 165.39 159.69 156.73 153.31 151.06 148.32
NOX [ppm] 339.95 340.10 322.85 310.24 308.43 291.40 284.51 273.89 264.87 264.05
SO2 [ppm] 2.26 2.07 2.09 2.04 2.05 2.44 2.18 2.24 2.25 2.32
THC [ppm] 330.95 319.74 314.16 312.16 319.38 330.98 320.55 323.50 324.48 325.15
O2 [ppm] 1.45E+05 1.43E+05 1.41E+05 1.40E+05 1.38E+05 1.36E+05 1.36E+05 1.36E+05 1.36E+05 1.35E+05
CO2_EGR [ppm] 6433.49 7229.53 7788.10 8382.94 8657.90 9203.91 9380.56 9610.30 9758.21 9854.60
CO [ppm] 1.00E+05 1.04E+05 1.01E+05 1.01E+05 1.00E+05 9.82E+04 9.91E+04 9.82E+04 9.74E+04 9.72E+04
H2O [ppm] 2.32E+04 2.37E+04 2.41E+04 2.41E+04 2.44E+04 2.42E+04 2.47E+04 2.41E+04 2.43E+04 2.46E+04
NO2 [ppm] 44.61 1.02 3.67 0.05 0.00 1.99 0.46 2.06 5.39 3.86
O2 [ppm] 1.96E+04 2.43E+04 2.40E+04 2.44E+04 2.41E+04 2.25E+04 2.18E+04 2.12E+04 2.07E+04 1.99E+04
H2 [ppm] 1.06E+05 1.15E+05 1.12E+05 1.10E+05 1.09E+05 1.07E+05 1.08E+05 1.07E+05 1.06E+05 1.06E+05
CO2 [ppm] 7.50E+04 7.23E+04 7.39E+04 7.49E+04 7.59E+04 7.75E+04 7.74E+04 7.85E+04 7.86E+04 7.94E+04
N2 [ppm] 6.44E+05 6.33E+05 6.37E+05 6.40E+05 6.44E+05 6.42E+05 6.44E+05 6.47E+05 6.46E+05 6.49E+05
THC [ppm] 2.02E+04 1.24E+04 1.34E+04 1.29E+04 1.28E+04 1.23E+04 1.24E+04 1.21E+04 1.15E+04 1.19E+04
Concentration [mg/m^3] 4.72 3.49 3.53 3.54 3.60 3.51 3.74 3.78 3.66 3.79
FTIR Data
LGA Data
MSS Data
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Main Timing [DBTDC] 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Main Duration [ms] 0.55 0.55 0.55 0.55 0.55 0.55 0.55
Pilot Timing [DBTDC] 18 18 18 18 18 18 18
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36
EGR Valve [%] 18 20 22 24 26 28 30
Compressor Out T [C] 32.14 32.09 32.08 32.05 32.04 32.06 32.08
AfterCooler Out T [C] 23.62 23.31 23.32 23.36 23.37 23.45 23.44
Coolant In T [C] 87.35 87.26 87.40 87.58 87.47 87.62 87.28
Coolant Out T [C] 88.73 88.81 88.85 89.04 89.02 89.12 88.73
Cooled EGR T [C] 55.89 58.61 58.88 58.12 56.87 55.78 56.98
Uncooled EGR T [C] 373.65 401.06 427.89 456.13 478.47 495.44 506.55
Turbine In T [C] 279.61 281.44 279.60 284.04 283.23 286.48 286.61
Turbine Out T [C] 262.80 264.41 263.27 266.50 266.40 269.22 269.61
Cylinder 1 Exhaust T [C] 238.08 241.35 236.24 242.01 236.72 241.95 241.95
Intake Manifold T [C] 33.26 33.79 34.08 34.34 34.42 34.14 32.08
LFE Air T [C] 136.54 174.13 138.08 162.01 155.67 212.85 210.61
Fuel at Primary Filter T [C] 19.64 19.56 19.61 19.55 19.61 19.59 19.59
Cylinder 2 Exhaust T [C] 247.82 250.44 247.12 251.92 249.06 252.94 254.37
Intake Manifold P [kPa] 6.41 6.32 6.20 6.36 6.31 6.28 6.31
Compressor Out P [kPa] 7.38 7.51 7.25 7.25 7.23 7.28 7.12
Exhaust Manifold P [kPa] 4.62 4.56 4.65 4.55 4.69 4.60 4.73
LFE In P [kPa] 0.23 0.23 0.22 0.23 0.22 0.23 0.22
Barometric P [kPa] 98.41 98.44 98.43 98.42 98.41 98.42 98.42
Brake Torque [N-m] 43.89 44.34 42.26 44.40 43.69 45.01 45.81
Engine Speed [RPM] 1489.22 1489.52 1489.44 1489.36 1489.24 1489.50 1488.94
Coriolis Fuel Flow [kg/hr] 1.63 1.64 1.58 1.67 1.60 1.64 1.63
LFE DP [inH2O] 0.94 0.93 0.92 0.92 0.91 0.91 0.90
Fuel Flow 30s avg [g/s] 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Fuel Flow 1min avg [g/s] 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Fuel Flow 2min avg [g/s] 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Fuel Flow 5min avg [g/s] 0.22 0.22 0.21 0.22 0.22 0.22 0.22
Vaporizer Flow Data
Engine Data
REGR - Condition 2
1500 RPM
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AHC [ppm] 18.10 19.38 19.98 19.66 19.85 19.61 18.83
C2H2 [ppm] 2.38 2.29 2.44 2.52 2.75 2.82 2.92
C2H4 [ppm] 15.11 14.45 14.41 14.84 15.44 15.62 15.69
C2H6 [ppm] -10.00 -10.96 -11.33 -11.20 -11.38 -11.27 -10.61
C3H6 [ppm] 3.93 3.87 3.87 3.95 4.10 4.19 4.14
C3H8 [ppm] -0.13 0.05 0.28 0.24 0.49 0.66 0.55
C4H6 [ppm] 0.99 1.04 0.96 1.05 1.05 1.07 1.18
CH4 [ppm] 16.64 16.22 16.12 16.73 16.61 16.55 16.44
CO [ppm] 1370.66 1525.75 1637.03 1655.07 1699.80 1729.17 1724.59
CO2 [ppm] 4.51E+04 4.62E+04 4.67E+04 4.83E+04 4.87E+04 4.93E+04 5.00E+04
COS [ppm] -0.08 -0.09 -0.09 -0.09 -0.10 -0.09 -0.10
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 4.89E+04 5.01E+04 5.05E+04 5.22E+04 5.27E+04 5.42E+04 5.68E+04
HCD [ppm] 538.86 570.80 583.19 583.79 594.50 589.56 565.94
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 10.78 11.10 11.55 11.86 13.00 13.28 13.33
HCN [ppm] 0.26 0.23 0.25 0.19 0.28 0.27 0.31
HCOOH [ppm] 1.27 1.26 1.27 1.25 1.39 1.40 1.46
HNCO [ppm] 2.55 2.50 2.49 2.57 2.95 2.93 2.85
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 3.77 4.19 4.39 4.48 4.92 5.03 4.76
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.71 0.67 0.65 0.64 0.61 0.60 0.60
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 49.58 53.12 54.35 54.22 55.05 54.41 51.94
NH3 [ppm] 0.20 0.18 0.18 0.16 0.17 0.19 0.30
NMHC [ppm] 522.22 554.58 567.05 567.06 577.89 573.01 549.50
NO [ppm] 215.42 181.35 163.07 161.84 153.60 146.50 145.00
NO2 [ppm] 174.10 166.57 162.74 157.93 153.92 149.93 148.83
NOX [ppm] 389.55 347.95 325.82 319.80 307.55 296.46 293.85
SO2 [ppm] 1.29 1.45 1.61 1.63 1.75 1.79 1.73
THC [ppm] 274.03 288.73 294.86 296.46 303.65 302.00 290.87
O2 [ppm] 1.42E+05 1.40E+05 1.39E+05 1.37E+05 1.36E+05 1.36E+05 1.35E+05
CO2_EGR [ppm] 6531.32 7570.42 8221.31 8729.39 9023.74 9318.30 9656.29
FTIR Data
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CO [ppm] 1.02E+05 1.02E+05 1.00E+05 9.88E+04 9.77E+04 9.74E+04 9.72E+04
H2O [ppm] 2.34E+04 2.50E+04 2.49E+04 2.51E+04 2.46E+04 2.46E+04 2.50E+04
NO2 [ppm] 38.43 12.07 14.94 3.00 8.59 6.09 1.59
O2 [ppm] 1.62E+04 1.88E+04 1.91E+04 1.93E+04 1.86E+04 1.80E+04 1.80E+04
H2 [ppm] 1.06E+05 1.07E+05 1.05E+05 1.04E+05 1.02E+05 1.03E+05 1.03E+05
CO2 [ppm] 7.70E+04 7.82E+04 7.90E+04 8.12E+04 8.16E+04 8.22E+04 8.27E+04
N2 [ppm] 6.44E+05 6.45E+05 6.47E+05 6.53E+05 6.53E+05 6.54E+05 6.56E+05
THC [ppm] 1.60E+04 1.47E+04 1.19E+04 1.24E+04 1.09E+04 1.10E+04 1.13E+04
Concentration [mg/m^3] 4.11 4.53 4.47 4.32 4.21 4.23 3.78
MSS Data
LGA Data
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Main Timing [DBTDC] 7 7 7 7 7 7
Main Duration [ms] 0.425 0.425 0.425 0.425 0.425 0.425
Pilot Timing [DBTDC] 15 15 15 15 15 15
Pilot Duration [ms] 0.275 0.275 0.275 0.275 0.275 0.275
Rail Pressure [bar] 950 950 950 950 950 950
VGT [%] 0 0 0 0 0 0
VSA [%] 30 30 30 30 30 30
EGR Valve [%] 17 19 21 23 25 27
Compressor Out T [C] 33.05 32.62 30.78 31.28 31.67 32.14
AfterCooler Out T [C] 24.35 24.00 23.40 23.34 23.54 23.83
Coolant In T [C] 86.10 86.17 84.21 84.72 85.52 86.44
Coolant Out T [C] 89.25 89.19 88.33 88.46 89.16 89.72
Cooled EGR T [C] 60.30 59.48 58.90 60.56 66.67 70.32
Uncooled EGR T [C] 380.70 424.70 441.01 459.05 488.06 512.09
Turbine In T [C] 320.87 328.10 338.47 336.45 346.87 348.59
Turbine Out T [C] 305.71 312.94 325.22 321.55 330.87 332.07
Cylinder 1 Exhaust T [C] 296.15 304.64 312.30 313.59 322.13 320.86
Intake Manifold T [C] 33.09 33.55 33.33 33.72 34.51 35.55
LFE Air T [C] 104.01 84.46 28.34 56.68 57.69 93.34
Fuel at Primary Filter T [C] 17.75 17.44 16.80 17.08 16.92 17.05
Cylinder 2 Exhaust T [C] 285.13 293.58 296.86 299.80 314.68 313.97
Intake Manifold P [kPa] 5.62 6.06 5.36 5.58 5.87 5.86
Compressor Out P [kPa] 6.67 7.31 6.36 6.76 6.71 6.88
Exhaust Manifold P [kPa] 5.17 5.27 5.13 5.15 5.12 5.16
LFE In P [kPa] 0.23 0.23 0.23 0.23 0.23 0.23
Barometric P [kPa] 98.27 98.28 98.26 98.25 98.27 98.27
Brake Torque [N-m] 50.44 51.84 53.36 54.40 56.82 55.69
Engine Speed [RPM] 1987.96 1987.10 1988.96 1988.84 1988.06 1988.84
Coriolis Fuel Flow [kg/hr] 2.31 2.32 2.28 2.28 2.31 2.28
LFE DP [inH2O] 1.22 1.20 1.21 1.18 1.16 1.15
Fuel Flow 30s avg [g/s] 0.39 0.39 0.40 0.40 0.39 0.39
Fuel Flow 1min avg [g/s] 0.39 0.39 0.39 0.40 0.39 0.39
Fuel Flow 2min avg [g/s] 0.39 0.39 0.40 0.40 0.40 0.39
Fuel Flow 5min avg [g/s] 0.39 0.39 0.39 0.40 0.40 0.39
Engine Data
Vaporizer Flow Data
REGR - Condition 1
2000 RPM
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AHC [ppm] 27.61 26.23 22.47 22.90 24.39 26.70
C2H2 [ppm] 3.81 3.52 3.07 3.10 3.44 3.65
C2H4 [ppm] 36.48 31.32 30.85 30.50 32.27 33.38
C2H6 [ppm] -13.68 -13.68 -10.70 -10.87 -12.16 -13.82
C3H6 [ppm] 12.47 10.55 10.95 10.99 11.65 11.90
C3H8 [ppm] 2.81 2.69 2.68 3.08 3.53 3.93
C4H6 [ppm] 3.00 2.67 2.83 2.75 2.94 3.08
CH4 [ppm] 32.96 28.91 29.23 27.40 27.23 27.36
CO [ppm] 1605.08 1813.18 1911.82 2000.88 2044.01 2107.37
CO2 [ppm] 5.17E+04 5.59E+04 5.65E+04 5.82E+04 6.07E+04 6.18E+04
COS [ppm] -0.09 -0.11 -0.10 -0.09 -0.10 -0.10
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 5.66E+04 6.05E+04 6.11E+04 6.34E+04 6.61E+04 6.70E+04
HCD [ppm] 884.88 839.90 725.24 724.40 789.46 861.26
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 22.08 21.50 22.35 23.13 25.58 27.08
HCN [ppm] 0.57 0.61 0.51 0.45 0.56 0.61
HCOOH [ppm] 2.02 1.84 1.79 1.91 2.00 2.09
HNCO [ppm] 4.34 4.94 5.82 5.77 6.51 6.26
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 8.77 8.67 8.65 9.37 10.90 11.97
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.80 0.79 0.76 0.74 0.72 0.70
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 75.28 72.90 60.87 60.94 66.96 74.00
NH3 [ppm] 0.48 0.44 0.54 0.55 0.54 0.54
NMHC [ppm] 851.90 810.96 696.01 696.99 762.23 833.89
NO [ppm] 317.30 297.53 291.23 263.69 254.05 240.48
NO2 [ppm] 169.15 159.37 148.65 144.53 134.02 127.15
NOX [ppm] 486.47 456.91 439.91 408.24 388.08 367.64
SO2 [ppm] 4.00 3.75 3.02 3.41 3.86 4.39
THC [ppm] 403.82 383.67 337.18 339.68 373.65 407.15
O2 [ppm] 1.35E+05 1.29E+05 1.28E+05 1.25E+05 1.21E+05 1.20E+05
CO2_EGR [ppm] 5205.22 7125.97 7755.53 9062.53 10009.56 10785.26
FTIR Data
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CO [ppm] 7.21E+04 7.97E+04 7.86E+04 7.98E+04 7.87E+04 7.63E+04
H2O [ppm] 1.82E+04 1.95E+04 2.09E+04 2.07E+04 2.01E+04 2.03E+04
NO2 [ppm] 158.67 110.42 99.31 81.94 86.92 85.19
O2 [ppm] 2.34E+04 2.64E+04 2.61E+04 2.88E+04 2.69E+04 2.55E+04
H2 [ppm] 6.72E+04 7.98E+04 8.32E+04 8.29E+04 8.33E+04 8.17E+04
CO2 [ppm] 7.77E+04 7.78E+04 7.87E+04 7.84E+04 8.01E+04 8.17E+04
N2 [ppm] 6.65E+05 6.57E+05 6.56E+05 6.57E+05 6.58E+05 6.62E+05
THC [ppm] 3.89E+04 2.99E+04 2.72E+04 2.45E+04 2.43E+04 2.25E+04
Concentration [mg/m^3] 2.34 1.94 1.55 1.22 1.23 1.47
LGA Data
MSS Data
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Main Timing [DBTDC] 7 7 7 7 7
Main Duration [ms] 0.425 0.425 0.425 0.425 0.425
Pilot Timing [DBTDC] 15 15 15 15 15
Pilot Duration [ms] 0.275 0.275 0.275 0.275 0.275
Rail Pressure [bar] 950 950 950 950 950
VGT [%] 0 0 0 0 0
VSA [%] 30 30 30 30 30
EGR Valve [%] 17 19 21 23 25
Compressor Out T [C] 33.45 33.63 33.63 33.68 33.65
AfterCooler Out T [C] 25.56 25.26 24.95 25.01 25.22
Coolant In T [C] 85.11 84.98 86.62 86.92 85.99
Coolant Out T [C] 88.86 88.84 90.29 89.86 89.64
Cooled EGR T [C] 57.76 58.28 59.66 62.14 68.21
Uncooled EGR T [C] 370.72 441.72 479.79 502.08 523.25
Turbine In T [C] 337.98 344.78 351.83 356.06 357.76
Turbine Out T [C] 322.70 329.08 335.40 339.44 341.51
Cylinder 1 Exhaust T [C] 312.56 316.99 327.57 329.26 330.36
Intake Manifold T [C] 33.34 33.89 34.47 34.98 35.85
LFE Air T [C] 50.60 47.84 43.25 44.76 51.08
Fuel at Primary Filter T [C] 17.23 17.52 17.93 17.90 17.46
Cylinder 2 Exhaust T [C] 303.19 308.57 317.74 321.96 320.88
Intake Manifold P [kPa] 5.76 5.85 5.99 5.89 6.10
Compressor Out P [kPa] 6.65 6.83 6.96 6.82 6.75
Exhaust Manifold P [kPa] 5.11 5.19 5.23 5.19 5.19
LFE In P [kPa] 0.23 0.23 0.23 0.23 0.23
Barometric P [kPa] 98.13 98.15 98.17 98.15 98.16
Brake Torque [N-m] 56.17 56.63 57.97 58.36 58.76
Engine Speed [RPM] 1988.86 1989.04 1987.80 1988.08 1988.78
Coriolis Fuel Flow [kg/hr] 2.67 2.67 2.64 2.65 2.64
LFE DP [inH2O] 1.22 1.19 1.17 1.16 1.16
Fuel Flow 30s avg [g/s] 0.29 0.29 0.29 0.29 0.29
Fuel Flow 1min avg [g/s] 0.29 0.29 0.29 0.29 0.29
Fuel Flow 2min avg [g/s] 0.29 0.29 0.29 0.29 0.29
Fuel Flow 5min avg [g/s] 0.29 0.29 0.29 0.29 0.29
Engine Data
Vaporizer Flow Data
REGR - Condition 2
2000 RPM
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AHC [ppm] 21.81 21.40 21.73 21.23 21.17
C2H2 [ppm] 3.36 2.99 3.03 2.99 3.13
C2H4 [ppm] 18.14 17.76 19.33 19.17 19.76
C2H6 [ppm] -12.56 -11.82 -12.08 -11.63 -11.64
C3H6 [ppm] 5.40 5.37 6.05 6.06 6.24
C3H8 [ppm] 1.06 1.06 1.26 1.28 1.28
C4H6 [ppm] 1.62 1.64 1.74 1.75 1.70
CH4 [ppm] 16.86 16.66 16.86 16.87 17.23
CO [ppm] 1029.80 1212.92 1330.01 1374.19 1445.90
CO2 [ppm] 5.60E+04 5.84E+04 6.14E+04 6.26E+04 6.37E+04
COS [ppm] -0.10 -0.09 -0.09 -0.09 -0.10
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 60026.62 62789.95 65591.78 66912.85 68330.28
HCD [ppm] 675.20 645.13 670.21 651.61 657.94
HCE [ppm] 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 13.73 13.95 16.11 16.07 16.68
HCN [ppm] 0.45 0.40 0.46 0.40 0.41
HCOOH [ppm] 1.27 1.22 1.28 1.24 1.27
HNCO [ppm] 3.26 3.91 4.90 4.87 5.01
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 5.79 6.08 7.25 7.13 7.36
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.79 0.78 0.75 0.73 0.73
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 62.11 59.13 61.09 59.16 59.56
NH3 [ppm] 0.27 0.33 0.38 0.38 0.40
NMHC [ppm] 658.33 628.44 653.34 634.73 640.69
NO [ppm] 407.23 358.63 337.46 317.36 297.79
NO2 [ppm] 141.95 135.34 128.38 124.69 120.92
NOX [ppm] 549.21 493.99 465.86 442.07 418.74
SO2 [ppm] 2.28 2.23 2.67 2.45 2.55
THC [ppm] 297.10 285.71 302.57 295.53 299.89
O2 [ppm] 1.30E+05 1.25E+05 1.21E+05 1.19E+05 1.18E+05
CO2_EGR [ppm] 5323.98 7318.37 8809.29 9685.20 10399.73
FTIR Data
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CO [ppm] 8.10E+04 7.72E+04 7.70E+04 7.88E+04 7.97E+04
H2O [ppm] 2.00E+04 2.05E+04 2.09E+04 2.09E+04 2.12E+04
NO2 [ppm] 88.20 68.08 51.56 54.48 57.50
O2 [ppm] 2.34E+04 2.86E+04 2.93E+04 2.87E+04 2.70E+04
H2 [ppm] 8.06E+04 7.98E+04 8.07E+04 8.24E+04 8.42E+04
CO2 [ppm] 7.93E+04 7.99E+04 8.10E+04 8.11E+04 8.10E+04
N2 [ppm] 6.55E+05 6.58E+05 6.63E+05 6.59E+05 6.57E+05
THC [ppm] 2.61E+04 2.00E+04 2.02E+04 1.89E+04 1.91E+04
Concentration [mg/m^3] 3.21 3.14 3.44 3.24 2.96
MSS Data
LGA Data
  224 
 
Main Timing [DBTDC] 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Main Duration [ms] 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63
Pilot Timing [DBTDC] 18 18 18 18 18 18 18 18 18 18
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36 36 36 36
EGR Valve [%] 18 20 22 24 26 28 30 32 34 36
Compressor Out T [C] 32.18 32.22 32.26 32.26 32.27 32.31 32.30 32.39 32.38 32.40
AfterCooler Out T [C] 23.91 23.90 23.81 23.81 23.74 23.78 23.78 23.70 23.74 23.81
Coolant In T [C] 86.25 86.28 86.24 86.22 86.19 86.32 86.30 86.62 86.70 86.53
Coolant Out T [C] 89.00 88.94 89.06 88.87 88.81 88.96 88.88 89.13 89.19 89.23
Cooled EGR T [C] 51.94 51.38 50.71 51.28 50.49 50.11 48.94 52.02 52.85 53.58
Uncooled EGR T [C] 244.51 246.35 249.40 252.02 254.65 256.42 256.95 259.91 259.68 257.31
Turbine In T [C] 292.25 291.57 292.41 291.66 292.03 292.87 291.23 291.92 291.41 292.10
Turbine Out T [C] 273.71 273.17 273.25 272.41 272.92 273.56 272.07 272.69 272.49 272.71
Cylinder 1 Exhaust T [C] 292.49 291.54 293.39 293.32 292.95 293.57 291.57 292.46 290.67 292.72
Intake Manifold T [C] 34.17 34.62 34.90 35.24 32.32 32.64 32.12 34.15 34.96 35.75
LFE Air T [C] 170.88 168.38 157.37 159.46 160.11 168.84 161.34 85.37 106.92 79.70
Fuel at Primary Filter T [C] 19.87 19.90 19.94 19.99 19.98 20.01 20.00 20.04 20.01 20.04
Cylinder 2 Exhaust T [C] 294.16 293.28 295.82 293.64 296.29 296.90 294.38 294.13 294.24 295.30
Intake Manifold P [kPa] 6.74 6.60 6.53 6.17 6.20 6.33 6.18 6.17 5.93 6.03
Compressor Out P [kPa] 7.90 7.63 7.55 7.17 7.32 7.32 7.19 7.17 6.84 7.07
Exhaust Manifold P [kPa] 4.61 4.70 4.71 4.58 4.65 4.74 4.65 4.75 4.71 4.61
LFE In P [kPa] 0.23 0.23 0.22 0.22 0.24 0.23 0.22 0.23 0.22 0.23
Barometric P [kPa] 98.40 98.41 98.41 98.40 98.40 98.40 98.40 98.40 98.39 98.39
Brake Torque [N-m] 65.50 65.60 65.83 65.57 65.69 66.12 65.47 65.50 65.29 65.50
Engine Speed [RPM] 1489.52 1489.10 1489.24 1489.28 1489.12 1489.16 1489.06 1489.16 1489.10 1489.16
Coriolis Fuel Flow [kg/hr] 2.39 2.39 2.38 2.40 2.36 2.38 2.36 2.37 2.36 2.36
LFE DP [inH2O] 0.93 0.90 0.88 0.88 0.86 0.85 0.85 0.83 0.83 0.84
CDC
1500 RPM, 4 bar
Engine Data
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AHC [ppm] 6.43 6.81 6.39 6.36 7.09 6.88 6.79 6.73 6.48 6.64
C2H2 [ppm] 0.79 0.80 0.58 0.56 0.72 0.74 0.84 0.76 0.88 0.83
C2H4 [ppm] 3.71 3.65 3.65 3.77 4.14 4.27 4.56 4.45 4.56 4.56
C2H6 [ppm] -4.03 -4.08 -3.97 -3.84 -4.02 -3.86 -3.88 -3.80 -3.84 -3.86
C3H6 [ppm] 0.88 0.96 0.94 1.17 1.14 1.18 1.29 1.24 1.17 1.20
C3H8 [ppm] -1.26 -1.18 -1.47 -1.32 -0.82 -1.07 -0.96 -1.07 -1.14 -1.07
C4H6 [ppm] 0.37 0.33 0.24 0.31 0.34 0.43 0.50 0.45 0.47 0.49
CH4 [ppm] 2.13 2.09 2.11 2.15 2.22 2.22 2.33 2.48 2.58 2.61
CO [ppm] 195.75 191.93 188.42 193.47 215.22 217.77 231.64 226.31 228.49 226.28
CO2 [ppm] 5.58E+04 5.82E+04 6.01E+04 6.07E+04 6.09E+04 6.22E+04 6.25E+04 6.20E+04 6.17E+04 6.24E+04
COS [ppm] -0.09 -0.09 -0.10 -0.08 -0.09 -0.08 -0.08 -0.08 -0.09 -0.08
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 5.85E+04 6.09E+04 6.31E+04 6.39E+04 6.70E+04 6.81E+04 7.00E+04 6.58E+04 6.53E+04 6.56E+04
HCD [ppm] 203.69 203.66 199.17 201.64 207.35 205.73 208.82 202.50 203.19 202.43
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 5.40 5.28 5.24 5.39 6.06 6.17 6.63 6.08 6.04 5.93
HCN [ppm] 0.23 0.21 0.07 0.13 0.14 0.20 0.22 0.20 0.15 0.16
HCOOH [ppm] 0.74 0.75 0.73 0.77 0.86 0.91 0.92 0.85 0.86 0.87
HNCO [ppm] 2.37 2.51 2.25 2.71 2.72 2.88 2.79 2.61 2.66 2.48
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 1.08 1.33 1.46 1.59 1.84 1.69 1.71 1.65 1.71 1.79
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.73 0.75 0.74 0.71 0.75 0.79 0.79 0.75 0.76 0.77
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 20.18 20.15 19.81 19.89 20.25 20.09 20.25 19.67 19.73 19.63
NH3 [ppm] 0.05 0.06 0.08 0.08 0.16 0.15 0.22 0.11 0.10 0.09
NMHC [ppm] 201.56 201.56 197.06 199.49 205.12 203.51 206.49 200.02 200.61 199.82
NO [ppm] 581.98 566.64 547.44 520.74 470.93 470.22 442.93 449.41 436.76 441.44
NO2 [ppm] 82.57 80.73 78.79 78.92 81.04 80.63 82.23 81.16 81.21 80.11
NOX [ppm] 664.58 647.38 626.26 599.69 552.00 550.88 525.19 530.60 518.00 521.58
SO2 [ppm] 0.13 0.28 0.30 0.29 0.48 0.52 0.52 0.48 0.49 0.43
THC [ppm] 104.11 103.49 101.89 102.74 106.66 105.98 107.99 104.22 104.70 103.91
O2 [ppm] 1.28E+05 1.25E+05 1.21E+05 1.20E+05 1.20E+05 1.18E+05 1.18E+05 1.19E+05 1.19E+05 1.18E+05
CO2_EGR [ppm] 4487.24 5844.53 7047.48 7813.76 8425.29 8884.24 9216.32 9454.16 9710.41 9858.03
Concentration [mg/m^3] 3.95 3.79 3.84 3.97 4.08 4.19 4.31 4.78 4.85 5.03
FTIR Data
MSS Data
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Main Timing [DBTDC] 7 7 7 7 7 7
Main Duration [ms] 0.545 0.545 0.545 0.545 0.545 0.545
Pilot Timing [DBTDC] 15 15 15 15 15 15
Pilot Duration [ms] 0.275 0.275 0.275 0.275 0.275 0.275
Rail Pressure [bar] 950 950 950 950 950 950
VGT [%] 0 0 0 0 0 0
VSA [%] 30 30 30 30 30 30
EGR Valve [%] 17 19 21 23 25 27
Compressor Out T [C] 33.41 33.42 33.37 33.35 33.33 33.39
AfterCooler Out T [C] 25.91 25.82 25.75 25.82 25.86 25.85
Coolant In T [C] 86.67 86.56 86.30 87.13 86.32 86.25
Coolant Out T [C] 90.63 90.49 90.33 91.01 90.18 90.42
Cooled EGR T [C] 56.34 56.70 55.75 56.81 57.82 57.77
Uncooled EGR T [C] 298.44 321.03 329.14 335.02 336.52 340.84
Turbine In T [C] 389.17 390.49 389.26 392.46 390.72 392.93
Turbine Out T [C] 370.40 371.36 370.52 373.49 371.74 373.15
Cylinder 1 Exhaust T [C] 388.45 390.39 387.96 392.56 390.17 394.49
Intake Manifold T [C] 33.43 33.91 35.13 34.17 34.95 33.61
LFE Air T [C] 59.89 50.21 55.59 57.02 57.10 56.55
Fuel at Primary Filter T [C] 17.56 17.45 17.58 17.48 17.25 17.30
Cylinder 2 Exhaust T [C] 377.20 377.07 377.45 381.37 375.94 382.33
Intake Manifold P [kPa] 6.48 6.48 6.42 6.53 6.22 6.29
Compressor Out P [kPa] 7.33 7.45 7.23 7.32 7.23 7.30
Exhaust Manifold P [kPa] 5.16 5.29 5.21 5.34 5.22 5.27
LFE In P [kPa] 0.23 0.23 0.23 0.24 0.23 0.24
Barometric P [kPa] 98.10 98.12 98.14 98.14 98.12 98.12
Brake Torque [N-m] 79.39 79.67 78.96 79.86 79.74 80.22
Engine Speed [RPM] 1989.54 1989.14 1988.96 1988.64 1989.24 1989.12
Coriolis Fuel Flow [kg/hr] 3.74 3.76 3.73 3.73 3.75 3.75
LFE DP [inH2O] 1.23 1.19 1.15 1.14 1.13 1.12
CDC
2000 RPM, 5 bar
Engine Data
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AHC [ppm] 6.01 5.83 6.40 6.61 5.89 5.63
C2H2 [ppm] 0.98 1.01 1.11 1.39 1.39 1.32
C2H4 [ppm] 4.14 4.56 5.12 6.50 6.14 5.93
C2H6 [ppm] -3.20 -3.23 -3.55 -3.82 -3.46 -3.38
C3H6 [ppm] 1.14 1.21 1.48 1.90 1.77 1.76
C3H8 [ppm] -1.49 -1.69 -1.37 -1.47 -1.48 -1.62
C4H6 [ppm] 0.50 0.55 0.56 0.79 0.71 0.73
CH4 [ppm] 1.80 1.82 1.95 2.00 1.96 1.97
CO [ppm] 163.45 175.03 198.36 240.80 225.92 217.55
CO2 [ppm] 7.17E+04 7.42E+04 7.53E+04 7.71E+04 7.82E+04 7.88E+04
COS [ppm] -0.08 -0.09 -0.09 -0.08 -0.09 -0.09
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 7.42E+04 7.67E+04 7.82E+04 8.24E+04 8.41E+04 8.44E+04
HCD [ppm] 188.11 195.96 213.45 235.74 222.50 216.99
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 5.69 6.15 6.98 9.30 8.36 7.86
HCN [ppm] 0.25 0.32 0.29 0.33 0.38 0.46
HCOOH [ppm] 0.58 0.59 0.70 0.90 0.80 0.75
HNCO [ppm] 2.98 3.06 3.25 3.51 3.47 3.35
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 1.82 1.93 2.35 3.16 2.83 2.64
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.73 0.73 0.71 0.76 0.77 0.77
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 18.36 19.09 20.58 22.43 21.15 20.68
NH3 [ppm] 0.12 0.14 0.15 0.30 0.29 0.33
NMHC [ppm] 186.29 194.12 211.48 233.72 220.51 215.00
NO [ppm] 813.59 733.55 622.69 559.83 527.56 514.70
NO2 [ppm] 50.94 49.64 51.03 54.10 50.16 48.20
NOX [ppm] 864.54 783.21 673.74 613.93 577.73 562.91
SO2 [ppm] 0.14 0.24 0.35 0.55 0.47 0.44
THC [ppm] 84.75 88.83 97.36 111.33 103.42 99.77
O2 [ppm] 1.07E+05 1.04E+05 1.02E+05 9.92E+04 9.73E+04 9.64E+04
CO2_EGR [ppm] 3619.07 5487.92 7550.09 8785.11 9844.60 10441.50
Concentration [mg/m^3] 3.94 4.40 5.29 5.79 5.62 5.45
FTIR Data
MSS Data
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REGR Based LTC Data 
 
Main Timing [DBTDC] 38 40 42 44 46 48 50
Main Duration [ms] 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Pilot Timing [DBTDC] 65 65 65 65 65 65 65
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36
EGR Valve [%] 45 45 45 45 45 45 45
Compressor Out T [C] 39.17 39.22 38.35 40.09 40.17 39.31 39.55
AfterCooler Out T [C] 29.07 28.98 28.96 28.88 28.83 29.16 29.24
Coolant In T [C] 86.48 86.61 85.83 85.88 86.02 84.84 85.47
Coolant Out T [C] 90.62 90.38 89.38 89.02 89.67 89.33 89.86
Cooled EGR T [C] 65.03 64.69 64.29 64.23 64.66 64.79 64.81
Uncooled EGR T [C] 417.36 416.32 416.35 413.12 417.41 415.65 416.43
Turbine In T [C] 287.73 279.33 274.38 260.12 276.50 279.20 285.05
Turbine Out T [C] 268.17 260.79 255.58 246.08 260.07 262.47 265.99
Cylinder 1 Exhaust T [C] 254.05 242.22 234.73 197.10 234.51 238.45 251.25
Intake Manifold T [C] 39.48 39.27 39.04 39.02 39.24 39.52 39.51
LFE Air T [C] 25.64 25.63 25.68 25.35 25.73 25.46 25.40
Fuel at Primary Filter T [C] 20.38 20.33 20.27 20.17 20.15 20.36 20.41
Cylinder 2 Exhaust T [C] 267.35 254.26 248.41 217.50 245.39 250.86 261.45
Vaporizer Out T [C] 323.18 323.11 322.78 322.60 322.87 323.11 322.94
Intake Manifold P [kPa] 5.82 5.73 5.74 5.57 5.64 5.83 5.95
Compressor Out P [kPa] 6.44 6.36 6.31 5.99 6.21 6.32 6.33
Exhaust Manifold P [kPa] 4.79 4.82 4.94 4.87 4.76 4.93 4.96
LFE In P [kPa] 0.23 0.23 0.23 0.23 0.23 0.23 0.22
DP DPF [kPa] 0.30 0.30 0.31 0.30 0.29 0.31 0.31
Barometric P [kPa] 129.58 129.58 129.58 129.57 129.51 129.59 129.59
Brake Torque [N-m] 50.09 47.64 46.59 32.18 43.47 45.62 50.52
Engine Speed [RPM] 1496.66 1496.63 1496.42 1496.61 1496.65 1496.58 1496.49
Coriolis Fuel Flow [kg/hr] 1.56 1.41 1.35 1.14 1.28 1.37 1.49
LFE DP [inH2O] 0.88 0.89 0.89 0.90 0.90 0.88 0.88
REGR Based RCCI - 37% FEF
Main Timing Sweep
Engine Data
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Fuel Flow 30s avg [g/s] 0.30 0.30 0.30 0.30 0.29 0.30 0.29
Fuel Flow 1min avg [g/s] 0.30 0.30 0.30 0.30 0.29 0.30 0.29
Fuel Flow 2min avg [g/s] 0.30 0.30 0.30 0.30 0.30 0.30 0.29
Fuel Flow 5min avg [g/s] 0.30 0.30 0.30 0.30 0.29 0.30 0.29
AHC [ppm] 39.75 42.08 45.64 56.52 50.66 51.71 57.66
C2H2 [ppm] 3.67 4.26 5.11 12.63 7.65 6.12 6.42
C2H4 [ppm] 45.67 48.39 57.59 171.85 85.66 61.35 54.41
C2H6 [ppm] -22.18 -22.85 -23.86 -21.83 -25.62 -28.98 -34.63
C3H6 [ppm] 17.13 17.48 19.91 42.63 23.82 19.53 19.31
C3H8 [ppm] 8.78 9.99 12.01 26.96 16.33 13.95 14.20
C4H6 [ppm] 4.07 4.16 4.60 8.82 5.04 4.56 4.42
CH4 [ppm] 25.12 30.24 40.73 147.56 72.80 47.03 34.25
CO [ppm] 1338.65 2045.73 2955.95 9966.33 6332.89 4263.10 2170.95
CO2 [ppm] 58664.35 54482.57 51129.23 35234.68 43727.19 48484.28 55246.35
COS [ppm] -0.06 -0.07 -0.10 -0.12 -0.11 -0.11 -0.08
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 63778.70 59759.30 57874.40 49324.30 54229.09 56742.00 60992.53
HCD [ppm] 1289.34 1334.21 1438.61 2085.04 1663.46 1622.16 1798.48
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 36.80 37.43 45.27 153.47 74.60 48.80 40.56
HCN [ppm] 0.72 0.30 0.20 0.08 0.08 0.10 0.35
HCOOH [ppm] 4.00 4.38 5.74 21.39 11.00 6.41 4.53
HNCO [ppm] 6.21 4.02 2.65 0.30 1.27 1.34 3.00
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 21.70 21.89 25.18 57.22 33.44 26.44 25.79
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.74 0.56 0.32 -1.22 -0.24 0.17 0.50
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 113.23 116.20 122.45 140.35 133.48 139.78 161.13
NH3 [ppm] 0.29 0.16 0.09 0.23 0.14 0.29 0.17
NMHC [ppm] 1264.19 1303.92 1397.86 1937.46 1590.61 1575.08 1764.18
NO [ppm] 126.22 31.06 11.80 2.04 3.67 4.88 29.33
NO2 [ppm] 41.56 11.13 2.18 0.98 0.93 1.40 8.44
NOX [ppm] 167.77 42.19 13.97 3.02 4.59 6.27 37.76
SO2 [ppm] 9.89 10.99 13.91 32.53 19.47 14.15 12.63
THC [ppm] 631.08 656.33 709.72 1142.77 827.59 790.68 843.19
O2 [ppm] 1.24E+05 1.31E+05 1.34E+05 1.49E+05 1.41E+05 1.37E+05 1.29E+05
CO2_EGR [ppm] 9656.85 9177.31 8860.00 7499.49 8586.51 8804.52 9513.25
FTIR Data - Engine Out
Vaporizer Flow Data
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AHC [ppm] 153.76 155.63 154.20 152.34 162.40 152.66 157.16
C2H2 [ppm] 4.10 4.49 4.70 6.02 4.63 5.32 4.40
C2H4 [ppm] 623.21 644.45 648.80 621.48 632.70 657.84 640.65
C2H6 [ppm] -11.44 -5.75 -3.37 -1.17 -9.57 -1.47 -9.25
C3H6 [ppm] 294.93 294.51 292.11 256.54 282.81 287.34 300.76
C3H8 [ppm] 48.28 47.88 46.72 39.33 47.91 45.15 50.46
C4H6 [ppm] 73.81 76.26 75.85 70.59 73.52 76.07 76.54
CH4 [ppm] 453.02 487.10 500.61 527.02 508.15 517.58 471.08
CO [ppm] 8416.64 9294.33 9766.59 10347.26 10310.13 10165.48 8696.13
CO2 [ppm] 9834.37 9260.72 9088.08 7523.61 8836.43 8867.33 9780.01
COS [ppm] 0.17 0.17 0.17 0.18 0.18 0.17 0.15
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 17075.02 16495.40 15995.30 14966.65 15731.81 16460.39 16926.20
HCD [ppm] 5758.40 5727.67 5678.29 5306.19 5795.07 5628.64 5847.23
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 6.78 6.64 6.58 6.57 6.20 6.63 6.95
HCN [ppm] 0.82 0.07 -0.05 -0.16 -0.17 -0.23 0.16
HCOOH [ppm] 0.13 0.21 0.21 0.27 0.23 0.22 0.19
HNCO [ppm] -0.18 -0.15 -0.16 -0.33 -0.49 -0.08 -0.08
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 14.84 14.42 14.22 14.24 15.51 14.02 15.07
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.41 -1.56 -1.61 -1.76 -1.71 -1.68 -1.46
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 304.41 292.71 286.10 263.90 303.92 279.03 305.10
NH3 [ppm] 3.18 0.29 -0.12 -0.40 -0.24 -0.20 0.79
NMHC [ppm] 5305.33 5240.52 5177.66 4779.16 5286.88 5111.01 5376.10
NO [ppm] 1.05 0.25 0.06 -0.13 0.05 -0.04 0.25
NO2 [ppm] 0.87 0.84 0.81 0.71 0.70 0.81 0.86
NOX [ppm] 1.92 1.08 0.86 0.57 0.74 0.76 1.10
SO2 [ppm] 6.13 6.09 5.93 5.88 6.37 5.86 6.32
THC [ppm] 2810.47 2800.98 2773.02 2601.09 2800.67 2748.40 2844.96
O2 [ppm] 1.87E+05 1.88E+05 1.88E+05 1.89E+05 1.87E+05 1.88E+05 1.87E+05
CO2_EGR [ppm] 9641.00 9082.69 8912.17 7349.33 8648.98 8677.59 9565.46
FTIR Data - Intake
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CO [ppm] 8.94E+04 9.22E+04 1.02E+05 1.03E+05 1.02E+05 8.21E+04 9.60E+04
H2O [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO2 [ppm] 237.59 236.13 242.91 241.36 239.87 225.13 242.51
O2 [ppm] 0.00 0.00 0.00 0.00 0.00 231.22 0.00
H2 [ppm] 9.03E+04 9.36E+04 1.03E+05 1.03E+05 1.03E+05 8.34E+04 9.64E+04
CO2 [ppm] 9.08E+04 8.90E+04 8.36E+04 8.24E+04 8.36E+04 9.58E+04 8.65E+04
N2 [ppm] 6.39E+05 6.35E+05 6.22E+05 6.21E+05 6.23E+05 6.53E+05 6.31E+05
THC [ppm] 6.21E+04 6.14E+04 6.34E+04 6.30E+04 6.32E+04 6.03E+04 6.37E+04
Concentration [mg/m^3] 0.22 0.07 0.07 0.05 0.06 0.08 0.65
MSS Data
LGA Data
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Main Timing [DBTDC] 46 46 46 46 46 46 46
Main Duration [ms] 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Pilot Timing [DBTDC] 65 65 65 65 65 65 65
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36
EGR Valve [%] 25 30 35 40 45 50 55
Compressor Out T [C] 37.75 38.10 38.13 38.96 39.82 39.63 39.17
AfterCooler Out T [C] 26.75 26.68 27.51 28.38 29.25 29.31 29.36
Coolant In T [C] 85.52 85.31 85.16 85.16 84.53 84.73 84.80
Coolant Out T [C] 88.22 88.05 88.13 88.22 88.53 88.37 88.30
Cooled EGR T [C] 61.22 62.15 62.93 63.57 64.33 64.12 64.27
Uncooled EGR T [C] 391.93 400.44 407.53 413.11 413.75 414.19 415.67
Turbine In T [C] 233.25 241.52 246.36 255.05 273.79 267.60 264.95
Turbine Out T [C] 218.62 225.54 231.06 239.39 257.16 251.39 248.38
Cylinder 1 Exhaust T [C] 196.28 195.20 210.05 211.30 232.98 222.55 224.19
Intake Manifold T [C] 37.06 37.28 38.05 38.68 39.35 39.27 39.25
LFE Air T [C] 25.47 25.49 25.86 25.75 25.66 25.65 25.50
Fuel at Primary Filter T [C] 20.56 20.54 20.52 20.49 20.42 20.44 20.47
Cylinder 2 Exhaust T [C] 184.92 200.13 202.85 218.84 243.12 234.70 230.07
Vaporizer Out T [C] 322.21 322.04 322.26 322.50 323.12 322.91 322.76
Intake Manifold P [kPa] 5.50 5.55 5.49 5.66 5.69 5.87 5.84
Compressor Out P [kPa] 5.89 5.99 5.97 6.29 6.35 6.47 6.28
Exhaust Manifold P [kPa] 5.10 5.11 5.00 5.09 4.85 5.22 5.23
LFE In P [kPa] 0.23 0.23 0.24 0.23 0.23 0.24 0.23
DP DPF [kPa] 0.32 0.32 0.31 0.32 0.30 0.32 0.32
Barometric P [kPa] 129.62 129.62 129.62 129.62 129.59 129.61 129.62
Brake Torque [N-m] 25.73 28.36 29.08 32.53 43.22 38.61 38.00
Engine Speed [RPM] 1496.35 1496.39 1496.57 1496.44 1496.75 1496.32 1496.25
Coriolis Fuel Flow [kg/hr] 1.26 1.29 1.28 1.28 1.30 1.27 1.29
LFE DP [inH2O] 0.91 0.90 0.91 0.91 0.89 0.89 0.89
Fuel Flow 30s avg [g/s] 0.29 0.29 0.29 0.29 0.30 0.30 0.29
Fuel Flow 1min avg [g/s] 0.29 0.29 0.29 0.29 0.30 0.30 0.29
Fuel Flow 2min avg [g/s] 0.29 0.29 0.29 0.29 0.29 0.30 0.29
Fuel Flow 5min avg [g/s] 0.29 0.29 0.29 0.29 0.29 0.30 0.29
REGR Based RCCI - 37% FEF
EGR Sweep
Engine Data
Vaporizer Flow Data
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AHC [ppm] 74.67 70.17 69.04 65.24 53.51 56.24 60.40
C2H2 [ppm] 16.66 15.71 15.94 14.76 8.12 10.67 12.08
C2H4 [ppm] 235.52 208.82 214.93 189.58 87.94 127.29 142.52
C2H6 [ppm] -28.31 -27.60 -26.95 -26.48 -27.33 -25.82 -27.16
C3H6 [ppm] 58.26 50.80 52.61 46.05 24.60 32.67 36.03
C3H8 [ppm] 44.33 37.76 37.87 32.23 16.92 21.38 25.01
C4H6 [ppm] 11.42 10.40 10.65 9.54 5.44 7.05 7.59
CH4 [ppm] 193.89 174.63 179.11 160.20 72.64 107.23 120.91
CO [ppm] 11817.45 11302.34 11438.49 10829.69 6317.56 8358.36 9174.14
CO2 [ppm] 29744.54 32643.70 32921.24 34802.73 44055.13 40275.29 39523.08
COS [ppm] -0.08 -0.09 -0.10 -0.11 -0.11 -0.13 -0.13
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 46557.46 48963.66 49202.46 50503.78 54872.11 53077.25 53328.83
HCD [ppm] 2802.44 2566.72 2583.48 2375.00 1737.28 1929.16 2087.85
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 225.00 195.59 199.76 172.23 73.03 109.44 124.83
HCN [ppm] 0.06 0.10 0.10 0.10 0.05 0.08 0.08
HCOOH [ppm] 31.07 27.63 27.52 24.47 10.84 15.80 18.38
HNCO [ppm] -1.11 -0.58 -0.70 -0.22 1.37 1.04 1.05
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 83.84 73.28 74.89 65.02 33.33 43.57 49.04
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.81 -1.64 -1.62 -1.45 -0.23 -0.71 -0.96
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 185.31 173.27 172.52 162.43 140.27 143.56 152.90
NH3 [ppm] 0.24 0.23 0.22 0.20 0.07 0.08 0.04
NMHC [ppm] 2608.58 2392.10 2404.35 2214.79 1664.60 1821.93 1966.93
NO [ppm] 1.09 1.38 1.47 1.58 2.92 1.88 1.81
NO2 [ppm] 1.22 1.10 1.14 1.05 0.86 0.80 0.84
NOX [ppm] 2.30 2.48 2.60 2.62 3.77 2.67 2.64
SO2 [ppm] 40.09 37.35 38.84 36.15 19.10 24.95 28.68
THC [ppm] 1566.07 1421.67 1433.74 1293.14 862.27 1010.06 1096.69
O2 [ppm] 1.54E+05 1.51E+05 1.50E+05 1.48E+05 1.40E+05 1.43E+05 1.43E+05
CO2_EGR [ppm] 7370.25 7513.68 8083.68 8052.46 8583.12 8233.24 8426.36
FTIR Data - Engine Out
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AHC [ppm] 162.69 164.15 155.09 155.41 151.62 150.19 150.65
C2H2 [ppm] 6.95 8.33 8.84 8.04 5.94 6.38 7.36
C2H4 [ppm] 718.03 725.02 691.97 702.10 673.48 679.07 671.09
C2H6 [ppm] -0.69 0.51 3.17 4.86 1.65 3.64 3.90
C3H6 [ppm] 307.27 299.02 276.12 282.20 287.38 284.98 270.10
C3H8 [ppm] 49.69 43.47 39.45 40.30 45.00 42.08 38.90
C4H6 [ppm] 81.20 80.83 76.41 77.94 77.86 78.03 74.90
CH4 [ppm] 576.22 607.04 583.46 593.26 530.04 540.22 555.62
CO [ppm] 10020.48 11071.40 10497.48 11390.42 10329.52 10449.37 10758.08
CO2 [ppm] 7852.59 8145.30 7482.34 8207.66 8690.00 8579.60 8081.09
COS [ppm] 0.19 0.21 0.20 0.21 0.19 0.19 0.19
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 16026.97 16293.91 15917.73 16605.46 16197.17 16422.46 16227.20
HCD [ppm] 6022.75 6024.95 5575.75 5620.65 5556.18 5498.44 5375.90
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 8.40 8.67 8.14 7.89 6.93 7.28 7.52
HCN [ppm] -0.27 -0.24 -0.20 -0.07 -0.28 -0.29 -0.23
HCOOH [ppm] 0.41 0.40 0.39 0.43 0.29 0.29 0.33
HNCO [ppm] 0.23 -0.07 0.30 0.17 -0.02 0.09 0.24
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 15.39 15.75 14.78 14.45 13.91 13.73 13.85
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.68 -1.91 -1.78 -1.95 -1.76 -1.80 -1.85
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 292.72 292.28 263.77 263.00 266.70 259.89 252.87
NH3 [ppm] -0.51 -0.53 -0.37 -0.35 -0.29 -0.31 -0.35
NMHC [ppm] 5446.56 5417.93 4992.26 5027.36 5026.15 4958.20 4820.27
NO [ppm] -0.03 -0.08 -0.02 -0.05 0.04 -0.05 0.00
NO2 [ppm] 0.86 0.89 0.77 0.84 0.79 0.80 0.78
NOX [ppm] 0.83 0.81 0.73 0.78 0.82 0.74 0.77
SO2 [ppm] 6.60 6.54 6.12 6.12 5.67 5.55 5.84
THC [ppm] 2945.48 2945.29 2737.67 2755.00 2720.47 2694.80 2639.86
O2 [ppm] 1.89E+05 1.88E+05 1.89E+05 1.87E+05 1.88E+05 1.88E+05 1.88E+05
CO2_EGR [ppm] 7679.73 7978.05 7292.18 8025.14 8485.94 8380.65 7891.99
FTIR Data - Intake
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CO [ppm] 1.14E+05 1.17E+05 1.14E+05 1.14E+05 1.00E+05 1.03E+05 1.06E+05
H2O [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO2 [ppm] 266.13 263.12 250.79 253.23 244.16 245.95 249.88
O2 [ppm] 0.00 0.00 0.00 0.00 1.77 0.00 0.00
H2 [ppm] 1.06E+05 1.11E+05 1.10E+05 1.10E+05 9.94E+04 1.01E+05 1.04E+05
CO2 [ppm] 7.48E+04 7.29E+04 7.53E+04 7.51E+04 8.41E+04 8.19E+04 7.99E+04
N2 [ppm] 6.12E+05 6.08E+05 6.10E+05 6.07E+05 6.26E+05 6.22E+05 6.17E+05
THC [ppm] 7.28E+04 7.27E+04 6.78E+04 6.66E+04 6.47E+04 6.48E+04 6.54E+04
Concentration [mg/m^3] 0.06 0.06 0.05 0.06 0.06 0.06 0.06
MSS Data
LGA Data
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Main Timing [DBTDC] 46 46 46 46 46
Main Duration [ms] 0.5 0.52 0.54 0.56 0.58
Pilot Timing [DBTDC] 65 65 65 65 65
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675
VGT [%] 45 45 45 45 45
VSA [%] 36 36 36 36 36
EGR Valve [%] 45 45 45 45 45
Compressor Out T [C] 37.73 38.43 39.05 39.75 40.89
AfterCooler Out T [C] 26.77 26.83 26.88 26.93 27.03
Coolant In T [C] 87.06 87.06 85.30 86.11 85.74
Coolant Out T [C] 89.62 90.05 89.48 90.74 91.15
Cooled EGR T [C] 61.70 62.74 63.26 63.80 64.26
Uncooled EGR T [C] 403.39 412.52 413.14 414.31 417.03
Turbine In T [C] 255.87 267.68 274.67 283.57 293.92
Turbine Out T [C] 237.57 247.76 255.40 264.08 273.75
Cylinder 1 Exhaust T [C] 200.19 230.98 240.70 251.25 263.14
Intake Manifold T [C] 37.25 37.39 37.62 37.92 38.21
LFE Air T [C] 25.61 25.37 25.46 25.46 25.50
Fuel at Primary Filter T [C] 20.62 20.60 20.60 20.60 20.61
Cylinder 2 Exhaust T [C] 227.66 242.32 248.30 260.14 274.80
Vaporizer Out T [C] 322.12 322.60 322.78 322.82 322.78
Intake Manifold P [kPa] 5.73 5.75 5.96 6.20 6.35
Compressor Out P [kPa] 6.17 6.27 6.33 6.65 6.89
Exhaust Manifold P [kPa] 5.18 5.04 5.21 5.27 5.21
LFE In P [kPa] 0.24 0.24 0.24 0.23 0.24
DP DPF [kPa] 0.32 0.31 0.32 0.33 0.33
Barometric P [kPa] 129.63 129.62 129.64 129.64 129.63
Brake Torque [N-m] 36.41 43.94 46.10 48.01 49.55
Engine Speed [RPM] 1496.27 1496.45 1496.36 1496.27 1496.31
Coriolis Fuel Flow [kg/hr] 1.27 1.43 1.56 1.69 1.84
LFE DP [inH2O] 0.89 0.88 0.87 0.87 0.87
Fuel Flow 30s avg [g/s] 0.29 0.29 0.29 0.28 0.30
Fuel Flow 1min avg [g/s] 0.29 0.29 0.29 0.29 0.30
Fuel Flow 2min avg [g/s] 0.29 0.30 0.29 0.29 0.29
Fuel Flow 5min avg [g/s] 0.29 0.29 0.29 0.29 0.29
REGR Based RCCI - 37% FEF
Main Duration Sweep
Engine Data
Vaporizer Flow Data
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AHC [ppm] 62.99 58.28 55.86 54.38 54.20
C2H2 [ppm] 11.33 7.10 5.72 6.04 8.95
C2H4 [ppm] 129.54 69.39 53.21 49.87 55.55
C2H6 [ppm] -28.76 -30.94 -32.20 -32.25 -32.46
C3H6 [ppm] 34.28 22.33 19.07 18.64 20.02
C3H8 [ppm] 24.23 16.55 13.74 13.49 13.29
C4H6 [ppm] 7.40 5.17 4.60 4.41 4.79
CH4 [ppm] 105.14 51.67 33.62 28.12 31.72
CO [ppm] 7801.76 4229.66 2224.50 1396.34 1012.27
CO2 [ppm] 41852.58 49635.67 54926.88 58600.55 63533.43
COS [ppm] -0.12 -0.11 -0.09 -0.06 -0.07
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 54200.69 57627.88 60473.38 63661.06 68017.50
HCD [ppm] 2107.62 1789.74 1741.44 1719.75 1777.48
HCE [ppm] 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 119.07 57.39 42.70 40.23 44.09
HCN [ppm] 0.17 0.28 0.38 0.86 1.80
HCOOH [ppm] 17.00 8.27 5.32 4.42 4.10
HNCO [ppm] 1.77 2.42 4.24 5.90 7.34
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 48.71 31.25 27.16 26.72 27.67
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -0.69 0.16 0.53 0.77 1.06
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 160.28 153.04 155.60 154.80 158.18
NH3 [ppm] 0.03 0.04 0.07 0.20 0.40
NMHC [ppm] 2002.52 1738.11 1707.89 1691.72 1745.87
NO [ppm] 3.04 7.27 24.43 87.21 278.57
NO2 [ppm] 0.85 0.82 4.98 22.78 46.99
NOX [ppm] 3.88 8.07 29.41 109.97 325.55
SO2 [ppm] 27.86 18.14 14.24 12.42 11.82
THC [ppm] 1122.50 892.83 837.17 815.65 836.69
O2 [ppm] 1.42E+05 1.35E+05 1.30E+05 1.25E+05 1.18E+05
CO2_EGR [ppm] 7638.81 7612.22 7582.59 7549.91 7516.43
FTIR Data - Engine Out
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AHC [ppm] 151.81 152.73 154.95 156.36 159.65
C2H2 [ppm] 7.17 5.38 4.63 4.46 4.45
C2H4 [ppm] 623.19 654.97 636.52 620.78 621.81
C2H6 [ppm] -2.28 -4.06 -9.62 -15.73 -18.30
C3H6 [ppm] 253.40 290.09 296.76 299.08 305.08
C3H8 [ppm] 38.06 45.86 49.12 49.05 51.91
C4H6 [ppm] 70.74 76.76 76.09 74.68 75.12
CH4 [ppm] 512.19 497.59 461.11 439.49 432.65
CO [ppm] 9447.56 9259.42 8248.16 7545.96 7024.59
CO2 [ppm] 7474.84 9067.54 9594.52 9953.81 10117.52
COS [ppm] 0.17 0.16 0.15 0.15 0.14
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 15841.43 16760.28 16997.90 17394.42 17639.88
HCD [ppm] 5271.03 5668.81 5784.67 5901.78 6045.30
HCE [ppm] 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 7.42 7.42 7.33 7.32 6.95
HCN [ppm] -0.15 -0.20 0.07 0.88 1.57
HCOOH [ppm] 0.27 0.26 0.23 0.19 0.25
HNCO [ppm] 0.22 0.17 0.24 -0.03 0.52
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 14.20 14.86 15.40 16.01 16.32
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.58 -1.54 -1.33 -1.18 -1.10
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 262.84 285.09 302.29 319.89 332.58
NH3 [ppm] -0.54 -0.44 0.30 2.73 5.66
NMHC [ppm] 4758.85 5171.29 5323.63 5462.39 5612.76
NO [ppm] -0.06 0.07 0.35 1.19 2.04
NO2 [ppm] 0.73 0.82 0.85 0.86 0.87
NOX [ppm] 0.66 0.88 1.19 2.04 2.90
SO2 [ppm] 6.08 6.42 6.51 6.65 6.73
THC [ppm] 2590.19 2770.97 2825.07 2874.33 2938.07
O2 [ppm] 1.90E+05 1.88E+05 1.88E+05 1.88E+05 1.88E+05
CO2_EGR [ppm] 7625.90 7597.79 7566.49 7533.35 7499.94
FTIR Data - Intake
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CO [ppm] 1.01E+05 1.11E+05 9.25E+04 8.00E+04 6.98E+04
H2O [ppm] 0.00 0.00 0.00 0.00 0.00
NO2 [ppm] 254.96 247.45 245.60 229.46 232.52
O2 [ppm] 0.00 0.00 0.00 41.06 207.23
H2 [ppm] 9.75E+04 1.06E+05 9.05E+04 7.93E+04 6.95E+04
CO2 [ppm] 8.29E+04 7.81E+04 8.80E+04 9.70E+04 1.02E+05
N2 [ppm] 6.26E+05 6.18E+05 6.36E+05 6.60E+05 6.69E+05
THC [ppm] 6.59E+04 6.92E+04 6.44E+04 6.43E+04 6.11E+04
Concentration [mg/m^3] 0.06 0.06 0.13 0.85 1.83
LGA Data
MSS Data
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Main Timing [DBTDC] 28 30 32 34 36 38 40 42
Main Duration [ms] 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46
Pilot Timing [DBTDC] 65 65 65 65 65 65 65 65
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36 36
EGR Valve [%] 45 45 45 45 45 45 45 45
Compressor Out T [C] 43.36 42.96 44.01 45.90 47.64 48.72 51.86 42.12
AfterCooler Out T [C] 29.21 29.07 28.98 28.84 28.68 28.50 28.35 29.31
Coolant In T [C] 87.03 85.86 84.80 84.87 84.79 86.57 85.55 87.34
Coolant Out T [C] 89.96 89.02 88.14 88.46 88.42 89.94 88.66 90.30
Cooled EGR T [C] 66.37 66.02 65.84 66.09 66.01 66.25 65.92 66.37
Uncooled EGR T [C] 427.96 427.85 427.35 428.12 427.99 428.64 429.13 427.83
Turbine In T [C] 286.20 280.84 276.32 283.37 282.57 289.53 283.36 282.03
Turbine Out T [C] 267.90 262.94 259.78 265.69 265.23 270.64 265.97 264.69
Cylinder 1 Exhaust T [C] 247.04 239.56 228.09 241.10 237.75 252.79 238.17 237.33
Intake Manifold T [C] 39.80 39.59 39.45 39.44 39.38 39.39 39.17 39.97
LFE Air T [C] 26.83 27.26 27.45 27.27 27.14 27.26 27.36 27.04
Fuel at Primary Filter T [C] 19.57 19.51 19.50 19.49 19.49 19.52 19.54 19.57
Cylinder 2 Exhaust T [C] 265.74 258.71 247.65 261.12 257.73 266.94 255.56 253.77
Vaporizer Out T [C] 320.97 321.05 321.48 321.68 322.01 322.36 322.51 321.26
Intake Manifold P [kPa] 5.69 5.49 5.52 5.73 5.60 5.82 5.71 5.58
Compressor Out P [kPa] 6.05 5.86 5.92 5.98 5.89 6.09 6.10 6.01
Exhaust Manifold P [kPa] 4.81 4.78 4.74 4.86 4.75 4.81 4.74 4.80
LFE In P [kPa] 0.22 0.23 0.22 0.22 0.23 0.22 0.22 0.22
DP DPF [kPa] 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Barometric P [kPa] 129.45 129.44 129.44 129.46 129.47 129.48 129.48 129.44
Brake Torque [N-m] 45.86 44.38 42.18 46.77 46.74 51.16 47.28 45.97
Engine Speed [RPM] 1496.34 1496.31 1496.45 1496.30 1496.19 1496.15 1496.14 1496.31
Coriolis Fuel Flow [kg/hr] 1.15 1.10 1.01 1.10 1.09 1.30 1.14 1.13
LFE DP [inH2O] 0.91 0.91 0.93 0.92 0.91 0.91 0.91 0.92
Fuel Flow 30s avg [g/s] 0.35 0.35 0.35 0.35 0.35 0.34 0.34 0.35
Fuel Flow 1min avg [g/s] 0.35 0.35 0.35 0.35 0.34 0.34 0.34 0.35
Fuel Flow 2min avg [g/s] 0.35 0.35 0.35 0.35 0.35 0.34 0.34 0.35
Fuel Flow 5min avg [g/s] 0.35 0.35 0.35 0.36 0.34 0.34 0.35 0.35
REGR Based RCCI - 44% FEF
Main Timing Sweep
Engine Data
Vaporizer Flow Data
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AHC [ppm] 43.40 45.49 49.68 43.36 42.30 38.12 43.79 43.05
C2H2 [ppm] 4.35 4.74 5.77 5.30 5.50 4.66 6.19 5.91
C2H4 [ppm] 124.00 126.93 133.12 101.84 88.91 59.78 79.85 83.85
C2H6 [ppm] -12.41 -12.99 -14.38 -15.33 -16.63 -18.76 -19.78 -18.59
C3H6 [ppm] 45.14 47.10 48.68 37.66 32.26 22.50 27.59 29.11
C3H8 [ppm] 11.52 12.28 13.09 10.83 10.85 9.93 12.44 12.82
C4H6 [ppm] 10.91 11.51 11.71 9.14 7.65 5.26 6.41 6.86
CH4 [ppm] 91.22 95.16 104.05 74.65 65.28 37.55 59.59 61.71
CO [ppm] 3042.80 3432.47 4114.19 2925.48 3065.23 1825.43 3717.52 3510.76
CO2 [ppm] 53186.71 51005.48 48211.85 51954.66 51212.18 56765.37 50040.57 50394.10
COS [ppm] -0.08 -0.08 -0.09 -0.09 -0.09 -0.07 -0.11 -0.10
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 58657.27 56838.23 54777.69 57671.56 57224.00 61344.25 56989.50 57516.34
HCD [ppm] 1503.08 1562.57 1665.92 1456.36 1405.20 1258.19 1443.69 1420.11
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 55.92 53.60 55.18 48.92 49.02 41.70 56.39 56.57
HCN [ppm] 1.00 0.47 0.19 0.13 0.11 0.38 0.16 0.19
HCOOH [ppm] 5.51 5.14 5.39 4.81 4.91 4.06 5.81 6.04
HNCO [ppm] 7.41 6.34 3.95 4.72 3.22 4.54 2.21 2.30
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 24.49 24.79 26.24 23.49 24.45 22.35 28.10 27.29
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.21 0.09 0.04 0.18 0.23 0.51 0.22 0.19
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 101.00 105.18 112.75 105.25 105.49 103.19 113.14 109.02
NH3 [ppm] 0.51 0.21 0.03 0.07 0.05 0.15 0.10 0.35
NMHC [ppm] 1411.83 1467.36 1561.77 1381.65 1339.90 1220.60 1384.10 1358.37
NO [ppm] 263.98 128.01 25.45 37.22 15.14 38.52 6.96 6.95
NO2 [ppm] 71.66 42.67 8.82 11.74 3.56 13.82 0.97 1.47
NOX [ppm] 335.63 170.67 34.26 48.95 18.68 52.32 7.92 8.41
SO2 [ppm] 10.58 10.80 12.55 11.44 12.59 11.29 15.36 13.97
THC [ppm] 777.71 804.12 852.15 736.87 698.44 615.92 713.64 737.62
O2 [ppm] 1.31E+05 1.34E+05 1.38E+05 1.33E+05 1.34E+05 1.27E+05 1.35E+05 1.35E+05
CO2_EGR [ppm] 8687.87 8552.57 8229.51 8676.48 8721.29 9505.60 8763.21 8699.12
FTIR Data - Engine Out
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AHC [ppm] 182.96 181.86 181.46 184.29 183.35 180.21 175.52 186.48
C2H2 [ppm] 3.85 3.69 3.90 3.36 3.14 2.55 2.76 3.92
C2H4 [ppm] 729.06 724.46 728.10 713.72 711.51 671.72 681.27 736.87
C2H6 [ppm] -3.16 -3.87 -0.86 -5.34 -4.99 -11.80 -3.39 -3.66
C3H6 [ppm] 346.71 343.27 335.62 339.50 341.81 332.04 319.13 348.00
C3H8 [ppm] 50.37 51.32 52.74 55.52 53.64 54.84 54.55 53.73
C4H6 [ppm] 85.94 84.56 84.59 83.26 82.90 78.19 77.79 86.50
CH4 [ppm] 589.80 590.12 609.00 588.01 587.29 540.92 576.49 602.98
CO [ppm] 10387.45 10470.52 10889.09 10541.56 10561.14 9915.62 11071.59 10499.17
CO2 [ppm] 8843.41 8794.10 8268.42 8824.33 8921.39 9715.46 8870.19 8564.84
COS [ppm] 0.22 0.21 0.23 0.21 0.21 0.19 0.20 0.20
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 15870.67 15425.73 14917.07 15377.10 15553.61 16109.39 15319.50 15887.42
HCD [ppm] 6669.84 6620.85 6497.45 6611.30 6654.88 6542.67 6242.35 6748.59
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 6.25 6.73 6.53 6.51 6.33 6.41 6.32 7.06
HCN [ppm] 1.13 0.61 0.03 -0.02 -0.11 0.18 -0.11 -0.14
HCOOH [ppm] 0.27 0.20 0.22 0.26 0.26 0.24 0.28 0.27
HNCO [ppm] -0.29 -0.66 -0.92 -1.00 -0.77 -0.63 -0.86 -0.46
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 16.23 16.00 15.73 15.97 16.23 16.29 14.84 16.76
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.81 -1.78 -1.87 -1.80 -1.81 -1.64 -1.87 -1.78
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 342.93 339.83 326.10 341.47 346.18 351.61 318.35 346.61
NH3 [ppm] 4.60 2.39 0.05 0.20 -0.17 0.71 -0.24 -0.38
NMHC [ppm] 6080.03 6030.69 5888.38 6023.24 6067.56 6001.73 5665.85 6145.58
NO [ppm] 1.71 0.93 0.15 0.30 0.11 0.32 0.04 0.03
NO2 [ppm] 1.01 0.96 0.93 0.95 0.94 0.89 0.83 1.01
NOX [ppm] 2.72 1.87 1.07 1.23 1.03 1.19 0.86 1.03
SO2 [ppm] 5.62 5.87 5.65 6.08 6.18 6.88 6.20 5.85
THC [ppm] 3251.20 3223.46 3167.10 3203.30 3219.03 3149.94 3024.66 3280.09
O2 [ppm] 1.87E+05 1.87E+05 1.88E+05 1.87E+05 1.87E+05 1.87E+05 1.87E+05 1.88E+05
CO2_EGR [ppm] 8657.79 8617.09 8110.47 8666.05 8743.15 9512.00 8718.17 8375.57
FTIR Data - Intake
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CO [ppm] 9.46E+04 9.83E+04 1.02E+05 9.51E+04 9.65E+04 9.09E+04 1.02E+05 9.38E+04
H2O [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO2 [ppm] 267.67 276.45 274.48 269.32 252.16 240.93 241.77 277.69
O2 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2 [ppm] 9.54E+04 9.96E+04 1.02E+05 9.71E+04 9.94E+04 9.53E+04 1.06E+05 9.45E+04
CO2 [ppm] 8.66E+04 8.43E+04 8.24E+04 8.61E+04 8.66E+04 9.01E+04 8.40E+04 8.65E+04
N2 [ppm] 6.27E+05 6.21E+05 6.17E+05 6.23E+05 6.27E+05 6.34E+05 6.21E+05 6.25E+05
THC [ppm] 6.88E+04 6.92E+04 6.98E+04 6.69E+04 6.44E+04 6.18E+04 6.29E+04 6.91E+04
Concentration [mg/m^3] 0.06 0.07 0.07 0.11 0.04 0.07 0.01 0.03
MSS Data
LGA Data
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Main Timing [DBTDC] 40 40 40 40 40 40 40
Main Duration [ms] 0.46 0.46 0.46 0.46 0.46 0.46 0.46
Pilot Timing [DBTDC] 65 65 65 65 65 65 65
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36
EGR Valve [%] 25 30 35 40 45 50 55
Compressor Out T [C] 41.16 42.17 41.18 42.02 43.77 40.52 41.28
AfterCooler Out T [C] 27.37 27.17 27.00 26.77 29.06 27.87 26.90
Coolant In T [C] 86.51 86.13 85.59 85.46 87.26 86.53 86.09
Coolant Out T [C] 89.93 89.67 89.07 88.90 90.23 89.69 89.35
Cooled EGR T [C] 63.99 64.83 64.83 65.35 66.38 66.09 66.03
Uncooled EGR T [C] 405.28 412.65 417.08 425.75 426.04 426.33 428.26
Turbine In T [C] 271.67 274.92 275.26 275.97 280.76 280.55 279.76
Turbine Out T [C] 255.14 257.99 258.22 259.03 263.01 262.74 262.20
Cylinder 1 Exhaust T [C] 231.64 235.47 229.61 224.07 237.52 230.87 227.21
Intake Manifold T [C] 38.19 38.26 38.19 38.21 39.94 39.25 38.60
LFE Air T [C] 26.46 26.44 26.60 26.87 26.83 26.95 27.09
Fuel at Primary Filter T [C] 19.85 19.79 19.71 19.62 19.51 19.54 19.56
Cylinder 2 Exhaust T [C] 246.74 250.29 250.49 249.78 254.28 253.92 252.56
Vaporizer Out T [C] 321.82 321.65 321.47 321.38 321.21 321.15 321.36
Intake Manifold P [kPa] 5.56 5.54 5.54 5.43 5.51 5.66 5.57
Compressor Out P [kPa] 5.99 5.97 5.96 5.97 5.94 6.07 6.05
Exhaust Manifold P [kPa] 4.65 4.76 4.82 4.68 4.76 4.89 4.83
LFE In P [kPa] 0.23 0.22 0.22 0.23 0.23 0.22 0.22
DP DPF [kPa] 0.28 0.29 0.29 0.28 0.29 0.29 0.29
Barometric P [kPa] 129.44 129.43 129.43 129.43 129.44 129.43 129.42
Brake Torque [N-m] 43.57 44.79 44.61 43.86 46.55 46.99 46.38
Engine Speed [RPM] 1496.55 1496.45 1496.32 1496.49 1496.41 1496.27 1496.36
Coriolis Fuel Flow [kg/hr] 1.13 1.15 1.13 1.14 1.16 1.15 1.15
LFE DP [inH2O] 0.93 0.93 0.92 0.92 0.91 0.91 0.92
Fuel Flow 30s avg [g/s] 0.35 0.35 0.35 0.35 0.36 0.35 0.35
Fuel Flow 1min avg [g/s] 0.35 0.35 0.35 0.35 0.36 0.35 0.36
Fuel Flow 2min avg [g/s] 0.35 0.35 0.35 0.35 0.36 0.35 0.36
Fuel Flow 5min avg [g/s] 0.36 0.35 0.35 0.36 0.35 0.35 0.36
REGR Based RCCI - 44% FEF
EGR Sweep
Engine Data
Vaporizer Flow Data
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AHC [ppm] 42.74 43.05 44.28 44.00 42.50 43.70 44.12
C2H2 [ppm] 5.33 5.32 5.75 5.94 5.51 5.59 5.78
C2H4 [ppm] 76.68 74.96 80.51 84.58 72.95 76.96 80.92
C2H6 [ppm] -18.90 -19.40 -19.69 -18.82 -19.03 -19.43 -19.27
C3H6 [ppm] 27.56 27.10 28.46 29.22 26.37 27.49 28.57
C3H8 [ppm] 12.30 12.44 12.75 13.43 12.26 12.28 12.86
C4H6 [ppm] 6.17 6.29 6.49 6.65 6.15 6.47 6.70
CH4 [ppm] 54.08 52.41 57.53 63.20 51.11 54.49 58.43
CO [ppm] 3074.45 2889.84 3229.90 3865.14 2729.14 2866.77 3132.09
CO2 [ppm] 47653.55 49437.98 49856.26 49086.12 52019.42 52610.72 52322.64
COS [ppm] -0.09 -0.09 -0.10 -0.11 -0.10 -0.10 -0.10
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 54727.62 56067.65 56635.26 56417.15 58433.13 58893.82 58999.88
HCD [ppm] 1386.24 1394.59 1456.37 1437.71 1368.88 1410.06 1432.46
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 51.57 50.29 55.58 57.70 49.03 50.82 52.99
HCN [ppm] 0.14 0.07 0.09 0.09 0.15 0.21 0.06
HCOOH [ppm] 5.74 5.48 5.93 6.36 5.18 5.36 5.61
HNCO [ppm] 2.35 2.37 2.56 2.19 2.35 2.39 2.37
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 25.09 25.09 27.58 27.66 24.88 25.48 26.43
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.33 0.33 0.28 0.22 0.34 0.31 0.24
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 108.63 110.18 114.20 110.31 108.29 110.99 111.48
NH3 [ppm] 0.05 0.04 0.02 0.07 0.08 0.04 0.07
NMHC [ppm] 1332.15 1342.20 1398.84 1374.49 1317.70 1355.48 1373.99
NO [ppm] 8.12 8.72 7.97 6.43 9.41 10.11 8.68
NO2 [ppm] 1.64 1.77 1.51 1.02 1.80 1.73 1.43
NOX [ppm] 9.75 10.48 9.47 7.44 11.20 11.82 10.09
SO2 [ppm] 13.01 13.01 14.19 14.26 13.10 13.28 13.56
THC [ppm] 716.91 709.66 732.60 747.60 694.33 718.45 735.51
O2 [ppm] 1.39E+05 1.37E+05 1.36E+05 1.36E+05 1.33E+05 1.32E+05 1.33E+05
CO2_EGR [ppm] 8126.37 8547.13 8425.36 8285.83 8863.49 8593.61 8444.38
FTIR Data - Engine Out
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AHC [ppm] 197.93 201.79 194.27 187.79 181.52 183.87 181.61
C2H2 [ppm] 4.26 4.07 4.21 4.17 3.97 4.00 3.96
C2H4 [ppm] 814.46 791.50 768.81 741.23 713.76 715.52 698.07
C2H6 [ppm] -7.87 -9.91 -6.65 -5.11 -5.91 -5.93 -7.37
C3H6 [ppm] 401.96 388.87 369.56 354.48 338.34 341.36 329.22
C3H8 [ppm] 69.65 66.72 59.01 55.19 50.78 52.31 50.99
C4H6 [ppm] 96.59 93.68 90.98 87.84 84.17 85.29 82.61
CH4 [ppm] 632.29 614.35 609.42 595.58 577.58 572.17 561.22
CO [ppm] 9043.41 9390.57 9929.67 10114.83 10162.17 10000.75 9937.37
CO2 [ppm] 8319.17 8792.72 8695.84 8653.95 8662.08 8735.82 8531.37
COS [ppm] 0.21 0.20 0.21 0.20 0.20 0.19 0.18
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 15514.79 15885.59 15613.26 15532.94 15838.79 15835.48 15947.81
HCD [ppm] 7584.86 7478.36 7143.58 6844.23 6611.84 6657.72 6512.71
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 7.45 7.69 7.46 7.32 7.07 7.09 7.05
HCN [ppm] -0.12 -0.11 -0.21 -0.18 -0.14 -0.14 -0.15
HCOOH [ppm] 0.22 0.24 0.30 0.25 0.24 0.23 0.25
HNCO [ppm] -0.76 -0.34 -0.54 -0.65 -0.69 -0.85 -0.75
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 18.12 18.24 17.92 17.20 16.61 16.80 16.76
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.50 -1.58 -1.68 -1.71 -1.72 -1.69 -1.67
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 391.60 392.59 371.57 353.90 344.32 347.73 342.15
NH3 [ppm] -0.81 -0.62 -0.66 -0.64 -0.44 -0.44 -0.44
NMHC [ppm] 6952.58 6864.02 6534.15 6248.64 6034.18 6085.47 5951.46
NO [ppm] 0.07 0.10 0.04 0.11 0.08 0.06 -0.01
NO2 [ppm] 0.97 0.98 0.97 0.98 0.91 0.93 0.89
NOX [ppm] 1.03 1.07 1.00 1.08 0.97 0.98 0.87
SO2 [ppm] 6.57 6.68 6.38 6.00 6.10 6.07 6.29
THC [ppm] 3653.75 3617.79 3463.95 3321.18 3218.98 3239.24 3167.38
O2 [ppm] 1.89E+05 1.88E+05 1.88E+05 1.88E+05 1.88E+05 1.88E+05 1.88E+05
CO2_EGR [ppm] 8131.25 8596.36 8491.73 8474.44 8467.53 8560.43 8317.76
FTIR Data - Intake
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CO [ppm] 8.32E+04 8.55E+04 8.99E+04 9.80E+04 9.40E+04 9.56E+04 9.55E+04
H2O [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO2 [ppm] 319.37 299.43 289.27 271.94 268.93 277.38 274.48
O2 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2 [ppm] 8.02E+04 8.35E+04 8.82E+04 9.77E+04 9.46E+04 9.52E+04 9.53E+04
CO2 [ppm] 9.04E+04 9.06E+04 8.81E+04 8.49E+04 8.75E+04 8.54E+04 8.59E+04
N2 [ppm] 6.36E+05 6.38E+05 6.33E+05 6.25E+05 6.31E+05 6.23E+05 6.26E+05
THC [ppm] 7.93E+04 7.72E+04 7.40E+04 7.23E+04 7.14E+04 7.04E+04 7.07E+04
Concentration [mg/m^3] 0.05 0.05 0.03 0.02 0.02 0.04 0.03
LGA Data
MSS Data
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Main Timing [DBTDC] 40 40 40 40 40 40
Main Duration [ms] 0.46 0.48 0.5 0.52 0.54 0.56
Pilot Timing [DBTDC] 65 65 65 65 65 65
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36
EGR Valve [%] 45 45 45 45 45 45
Compressor Out T [C] 42.63 41.74 40.30 40.73 40.98 40.72
AfterCooler Out T [C] 27.70 27.89 28.02 28.16 28.31 28.43
Coolant In T [C] 84.70 85.47 86.45 85.87 85.62 84.93
Coolant Out T [C] 88.71 89.48 90.66 90.87 91.29 91.03
Cooled EGR T [C] 64.74 65.07 65.52 66.16 66.92 67.26
Uncooled EGR T [C] 417.47 418.99 419.01 422.53 427.39 429.57
Turbine In T [C] 275.55 280.81 288.06 297.65 307.06 313.56
Turbine Out T [C] 258.66 262.86 269.07 277.90 286.36 292.56
Cylinder 1 Exhaust T [C] 229.35 242.10 254.77 266.25 278.66 283.42
Intake Manifold T [C] 38.46 38.76 39.06 39.35 39.65 39.75
LFE Air T [C] 26.11 26.08 25.89 25.89 25.70 25.78
Fuel at Primary Filter T [C] 19.96 20.05 20.08 20.12 20.15 20.18
Cylinder 2 Exhaust T [C] 248.07 256.06 265.15 276.27 289.86 297.51
Vaporizer Out T [C] 322.20 322.47 322.20 322.75 323.15 323.38
Intake Manifold P [kPa] 5.57 5.65 5.82 5.88 6.04 6.34
Compressor Out P [kPa] 6.16 6.16 6.32 6.45 6.60 6.83
Exhaust Manifold P [kPa] 4.69 4.77 4.84 4.83 4.77 4.86
LFE In P [kPa] 0.23 0.23 0.22 0.23 0.23 0.23
DP DPF [kPa] 0.29 0.29 0.30 0.30 0.29 0.30
Barometric P [kPa] 129.47 129.48 129.49 129.50 129.50 129.51
Brake Torque [N-m] 44.27 47.64 49.14 50.80 51.34 52.62
Engine Speed [RPM] 1496.58 1496.40 1496.31 1496.53 1496.64 1496.57
Coriolis Fuel Flow [kg/hr] 1.12 1.25 1.42 1.51 1.72 1.81
LFE DP [inH2O] 0.91 0.89 0.89 0.89 0.87 0.87
Fuel Flow 30s avg [g/s] 0.34 0.34 0.33 0.34 0.34 0.34
Fuel Flow 1min avg [g/s] 0.34 0.34 0.33 0.34 0.34 0.35
Fuel Flow 2min avg [g/s] 0.34 0.34 0.33 0.34 0.34 0.34
Fuel Flow 5min avg [g/s] 0.34 0.34 0.34 0.34 0.34 0.34
Vaporizer Flow Data
REGR Based RCCI - 44% FEF
Main Duration Sweep
Engine Data
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AHC [ppm] 45.26 42.47 40.85 41.45 41.66 41.02
C2H2 [ppm] 5.73 4.64 4.16 5.25 6.49 8.09
C2H4 [ppm] 80.89 62.41 52.14 53.34 51.70 53.72
C2H6 [ppm] -20.21 -20.98 -21.99 -23.07 -24.19 -23.81
C3H6 [ppm] 27.95 23.34 20.08 20.51 19.57 19.64
C3H8 [ppm] 11.73 9.67 9.12 9.59 9.02 8.68
C4H6 [ppm] 6.51 5.39 4.81 4.83 4.60 4.82
CH4 [ppm] 59.19 39.95 29.20 28.18 26.62 29.00
CO [ppm] 3493.02 2002.05 1286.87 1026.05 911.14 954.98
CO2 [ppm] 49163.90 54139.95 57965.51 63067.72 67661.21 70734.05
COS [ppm] -0.10 -0.07 -0.06 -0.07 -0.06 -0.07
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 56242.46 59651.04 62882.66 67378.03 71121.09 73612.42
HCD [ppm] 1483.04 1387.77 1357.16 1408.93 1445.38 1434.73
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 53.36 41.92 40.05 43.28 43.45 43.91
HCN [ppm] 0.04 0.27 0.67 1.36 2.19 2.79
HCOOH [ppm] 5.98 4.39 3.94 3.96 3.69 3.65
HNCO [ppm] 2.18 3.44 5.56 7.08 7.54 8.00
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 26.94 23.01 23.34 24.54 24.61 23.97
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.25 0.50 0.67 0.89 1.12 1.27
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 117.21 115.67 117.18 121.95 126.51 124.48
NH3 [ppm] 0.01 0.02 0.17 0.38 0.73 1.02
NMHC [ppm] 1423.87 1347.83 1328.00 1380.72 1418.72 1405.65
NO [ppm] 8.14 21.64 81.46 232.43 515.84 739.40
NO2 [ppm] 1.68 7.11 32.68 60.99 76.64 81.67
NOX [ppm] 9.81 28.73 114.14 293.41 592.46 821.05
SO2 [ppm] 14.22 11.59 10.46 10.21 9.96 9.67
THC [ppm] 736.12 677.87 658.20 681.49 691.99 692.69
O2 [ppm] 1.37E+05 1.31E+05 1.26E+05 1.18E+05 1.12E+05 1.07E+05
CO2_EGR [ppm] 8388.72 9058.68 9621.57 9994.48 10540.41 10583.25
FTIR Data - Engine Out
  250 
 
AHC [ppm] 189.16 190.57 196.60 200.57 204.03 203.53
C2H2 [ppm] 4.85 4.48 4.17 4.22 4.21 4.17
C2H4 [ppm] 751.05 745.16 732.35 713.63 697.83 661.96
C2H6 [ppm] -8.34 -12.95 -23.00 -30.08 -39.33 -50.90
C3H6 [ppm] 354.97 361.37 369.81 366.80 366.60 357.36
C3H8 [ppm] 51.65 55.66 64.72 68.12 73.52 74.23
C4H6 [ppm] 89.98 89.68 88.21 87.16 85.93 82.54
CH4 [ppm] 589.40 570.43 538.64 513.78 495.09 467.06
CO [ppm] 9816.61 9204.23 8160.76 7377.74 6665.11 5736.16
CO2 [ppm] 8767.03 9296.33 9923.10 10194.16 10730.93 10984.72
COS [ppm] 0.19 0.20 0.19 0.18 0.18 0.17
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 16114.60 16547.93 17083.26 17453.75 17727.56 18140.34
HCD [ppm] 6964.40 7084.22 7290.36 7324.29 7379.89 7375.93
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 7.48 7.50 7.97 6.69 7.18 6.24
HCN [ppm] -0.11 -0.03 0.77 1.79 2.89 4.28
HCOOH [ppm] 0.26 0.29 0.21 0.29 0.18 0.16
HNCO [ppm] -0.46 -0.59 -0.60 -0.13 -0.09 -0.99
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 18.52 18.91 19.37 19.93 21.50 22.20
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] -1.65 -1.54 -1.29 -1.16 -0.99 -0.84
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 366.01 378.94 402.12 413.03 423.90 438.37
NH3 [ppm] -0.61 -0.22 2.68 6.57 11.39 17.65
NMHC [ppm] 6374.99 6513.81 6751.72 6810.48 6884.75 6908.81
NO [ppm] 0.03 0.21 1.08 2.04 3.57 5.87
NO2 [ppm] 0.98 1.04 0.99 0.99 1.00 0.96
NOX [ppm] 1.00 1.24 2.05 3.02 4.55 6.82
SO2 [ppm] 6.30 6.57 7.03 7.27 7.65 8.18
THC [ppm] 3376.76 3427.09 3514.28 3552.65 3571.82 3579.73
O2 [ppm] 1.88E+05 1.88E+05 1.88E+05 1.88E+05 1.88E+05 1.88E+05
CO2_EGR [ppm] 8577.42 9099.48 9725.83 9968.33 10229.87 10520.60
FTIR Data - Intake
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CO [ppm] 9.10E+04 8.53E+04 7.79E+04 6.84E+04 6.16E+04 5.59E+04
H2O [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
NO2 [ppm] 282.73 276.76 280.42 264.84 253.40 246.66
O2 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00
H2 [ppm] 8.94E+04 8.44E+04 7.70E+04 6.78E+04 6.08E+04 5.47E+04
CO2 [ppm] 8.82E+04 9.22E+04 9.58E+04 1.02E+05 1.07E+05 1.11E+05
N2 [ppm] 6.32E+05 6.43E+05 6.51E+05 6.66E+05 6.80E+05 6.90E+05
THC [ppm] 7.22E+04 7.23E+04 7.02E+04 6.67E+04 6.60E+04 6.62E+04
Concentration [mg/m^3] 0.04 0.06 0.31 1.21 1.34 1.95
LGA Data
MSS Data
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Main Timing [DBTDC] 6.5 6.5 6.5 6.5 6.5 6.5 6.5
Main Duration [ms] 0.58 0.58 0.58 0.58 0.58 0.58 0.58
Pilot Timing [DBTDC] 18 18 18 18 18 18 18
Pilot Duration [ms] 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Rail Pressure [bar] 675 675 675 675 675 675 675
VGT [%] 45 45 45 45 45 45 45
VSA [%] 36 36 36 36 36 36 36
EGR Valve [%] 25 30 35 40 45 50 55
Compressor Out T [C] 35.38 36.29 37.00 37.22 37.49 37.63 37.82
AfterCooler Out T [C] 15.72 15.79 16.00 16.10 16.15 16.14 16.24
Coolant In T [C] 85.12 85.22 85.86 86.31 86.08 86.33 86.35
Coolant Out T [C] 88.49 88.03 88.61 88.97 88.80 89.02 89.08
Cooled EGR T [C] 51.14 54.45 56.15 56.47 57.29 57.87 58.47
Uncooled EGR T [C] 205.34 213.71 217.74 219.85 220.71 222.26 224.13
Turbine In T [C] 244.18 248.30 251.15 250.20 252.50 253.03 254.50
Turbine Out T [C] 228.41 231.99 234.63 234.27 235.99 236.39 237.96
Cylinder 1 Exhaust T [C] 249.60 253.47 255.40 254.56 257.82 258.65 259.38
Intake Manifold T [C] 29.23 30.70 31.59 32.01 32.43 32.67 32.88
LFE Air T [C] 27.82 28.22 28.84 30.53 27.15 28.23 31.17
Fuel at Primary Filter T [C] 21.68 20.46 19.48 19.06 18.70 18.51 18.31
Cylinder 2 Exhaust T [C] 253.59 258.23 261.76 258.61 262.03 261.26 262.86
Vaporizer Out T [C] 1339.89 1340.58 1341.43 1341.91 1342.51 1342.96 1343.53
Intake Manifold P [kPa] 6.19 5.69 5.59 5.42 5.39 5.22 5.27
Compressor Out P [kPa] 6.59 6.37 5.95 5.95 5.87 5.66 5.83
Exhaust Manifold P [kPa] 4.86 4.83 4.88 4.94 4.99 4.85 4.96
LFE In P [kPa] 0.22 0.23 0.22 0.24 0.23 0.23 0.24
DP DPF [kPa] 0.36 0.32 0.30 0.29 0.29 0.29 0.29
Barometric P [kPa] 129.28 129.32 129.32 129.37 129.40 129.40 129.42
Brake Torque [N-m] 51.74 53.54 53.75 52.04 53.62 53.39 53.63
Engine Speed [RPM] 1494.69 1494.98 1494.77 1494.76 1494.76 1495.06 1495.03
Coriolis Fuel Flow [kg/hr] 2.00 2.05 2.07 2.01 2.06 2.06 2.06
LFE DP [inH2O] 0.83 0.82 0.82 0.82 0.81 0.81 0.80
CDC
EGR Sweep
Engine Data
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AHC [ppm] 6.75 6.80 7.15 7.17 7.17 7.40 7.67
C2H2 [ppm] 1.82 1.76 2.00 2.25 2.09 2.23 2.37
C2H4 [ppm] 6.32 6.50 6.96 7.11 7.34 7.65 7.73
C2H6 [ppm] -4.71 -4.44 -4.74 -4.78 -4.77 -5.05 -5.24
C3H6 [ppm] 1.75 1.68 1.81 1.88 1.90 2.01 1.98
C3H8 [ppm] -2.65 -2.11 -1.98 -1.89 -1.82 -1.76 -1.83
C4H6 [ppm] 0.94 0.83 0.91 0.91 0.99 1.02 0.89
CH4 [ppm] 3.37 3.38 3.82 4.00 4.17 4.47 4.48
CO [ppm] 353.11 351.46 357.33 368.14 366.60 373.12 368.57
CO2 [ppm] 52208.22 54065.69 55145.74 54770.35 55948.10 56219.50 56360.43
COS [ppm] -0.06 -0.06 -0.07 -0.07 -0.06 -0.08 -0.07
ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2O [ppm] 51745.49 53478.83 54829.34 54686.43 55529.39 55923.10 56009.14
HCD [ppm] 308.13 295.46 304.41 303.94 303.97 316.68 324.96
HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HCHO [ppm] 8.87 8.87 9.22 9.23 9.30 9.48 9.52
HCN [ppm] 0.29 0.44 0.38 0.50 0.44 0.46 0.43
HCOOH [ppm] 1.49 1.48 1.48 1.49 1.50 1.48 1.47
HNCO [ppm] 3.54 3.38 3.29 3.40 3.57 3.33 3.17
IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MECHO [ppm] 2.65 2.73 2.57 2.65 2.59 2.76 2.90
MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N2O [ppm] 0.80 0.82 0.82 0.81 0.79 0.84 0.81
NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NC8 [ppm] 30.06 28.57 29.26 29.08 29.02 30.18 31.03
NH3 [ppm] 0.26 0.18 0.11 0.10 0.08 0.08 0.06
NMHC [ppm] 304.75 292.07 300.59 299.93 299.79 312.20 320.47
NO [ppm] 356.74 348.77 340.71 322.28 320.76 313.81 314.49
NO2 [ppm] 105.16 104.33 102.79 103.20 102.03 101.29 100.70
NOX [ppm] 461.90 453.10 443.50 425.48 422.78 415.10 415.19
SO2 [ppm] 0.98 1.14 1.18 1.19 1.18 1.19 1.27
THC [ppm] 118.67 114.68 119.83 120.52 121.43 127.20 130.95
O2 [ppm] 1.55E+05 1.54E+05 1.55E+05 1.55E+05 1.55E+05 1.55E+05 1.55E+05
CO2_EGR [ppm] 8473.43 9422.33 9964.02 10212.80 10660.15 10837.19 10899.37
Concentration [mg/m^3] 1.14 1.20 1.16 1.18 1.19 1.17 1.36
MSS Data
FTIR Data - Engine Out
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Engine Speed [RPM] 1496.38 1496.26 1494.54 1495.37 1495.93 1496.56 1496.76 1496.03 1496.85
Engine Torque [Nm] 143.39 146.81 142.82 140.97 146.11 140.68 147.34 150.56 139.08
Throttle Position [%] 36.53 36.29 36.07 35.88 35.67 35.49 35.28 35.16 35.10
LFE Dp [inH2O] 2.07 2.01 2.01 2.00 1.99 1.99 1.98 1.97 1.97
Compressor Out P [kPa] 5.80 6.57 7.06 7.19 7.48 8.17 8.68 9.02 9.47
Turbine In P (Post DOC) [kPa] 8.80 8.99 9.23 9.24 9.26 9.58 9.72 9.81 10.01
Compressor In P [kPa] 0.87 0.85 0.84 0.83 0.83 0.83 0.83 0.82 0.83
Turbine Out P [kPa] 0.74 0.75 0.76 0.75 0.75 0.76 0.75 0.75 0.77
Oil P [psi] 40.65 40.45 40.36 40.40 40.36 40.38 40.37 40.37 40.42
Cylinder Head T [C] 81.69 82.08 81.91 81.76 81.87 81.59 81.62 81.57 81.52
Fuel In T [C] 50.82 51.96 52.23 53.04 53.07 52.68 52.75 52.98 52.88
Oil Pan T [C] 91.70 93.65 94.35 94.05 94.27 94.36 94.40 94.32 94.10
Intake Air T [C] 26.24 24.00 23.19 23.35 23.39 23.45 23.62 23.72 23.68
Coolant T [C] 80.88 81.66 81.44 81.20 81.15 80.79 80.65 80.42 80.26
Intake Manifold T [C] 31.37 32.96 33.80 34.93 36.40 38.08 40.31 42.07 43.09
Compressor Out T [C] 30.05 27.94 28.33 28.70 29.03 29.85 30.68 31.41 32.08
Aftercooler Out T [C] 20.46 21.25 21.51 21.62 21.67 21.82 21.97 21.98 21.90
Turbine Out T [C] 304.92 323.69 337.51 337.25 345.39 355.62 359.28 366.64 374.20
Exhaust Coil In T [C] 82.79 85.80 86.73 88.09 90.33 91.86 94.11 95.71 96.36
Exhaust Coil Outlet T [C] 245.98 297.59 318.56 320.91 328.35 337.20 332.51 333.98 335.81
Vaporizer Inlet T [C] 26.24 27.18 26.20 25.89 25.40 25.01 24.89 24.74 24.67
Vaporizer Block T [C] 126.46 153.37 158.70 154.00 147.70 145.91 143.84 142.63 144.48
Engine Exhaust T (Pre DOC) [C] 334.35 342.49 327.34 320.54 330.28 333.23 348.21 361.32 357.39
Turbine In T (Post DOC) [C] 333.67 354.36 367.67 370.05 384.90 397.77 413.03 424.99 437.58
Reformer In T [C] 98.36 179.01 225.92 240.35 259.48 274.64 277.32 283.43 286.07
Reformer Out T [C] 74.87 336.68 292.25 283.22 283.21 286.05 287.23 288.07 290.04
Reformer Intake T [C] 22.94 54.01 74.52 96.92 117.18 136.98 151.97 163.80 171.46
Fuel Flow 30s Average [cc/min] 102.69 100.85 79.80 73.51 68.16 55.90 52.49 40.39 38.95
Fuel Flow 1min Average [cc/min] 103.48 97.15 80.61 74.25 65.75 55.44 51.95 42.59 41.72
Fuel Flow 2min Average [cc/min] 102.03 94.62 82.21 73.74 65.76 61.20 49.87 43.48 41.25
Fuel Flow 30s Average [g/s] 0.22 0.75 1.01 1.36 1.74 1.95 2.33 2.55 2.70
Fuel Flow 1min Average [g/s] 0.22 0.75 1.01 1.36 1.75 1.95 2.33 2.55 2.68
Fuel Flow 2min Average [g/s] 0.22 0.75 1.01 1.36 1.75 1.95 2.33 2.55 2.67
Fuel Flow 5min Average [g/s] 0.23 0.75 1.02 1.23 1.65 1.95 2.20 2.48 2.64
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
ISR
1500 RPM, 4 bar
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FTIR AHC [ppm] 5.74 -14.69 -104.67 -141.34 -220.77 -222.63 -311.58 -487.02 -407.19
FTIR C2H2 [ppm] 1.19 0.91 1.31 1.52 2.02 2.57 3.12 3.71 3.50
FTIR C2H4 [ppm] 4.78 29.29 114.89 141.57 169.74 182.01 257.17 383.30 360.84
FTIR C2H6 [ppm] -2.00 11.92 54.84 67.07 100.56 108.37 153.81 242.46 199.74
FTIR C3H6 [ppm] 2.04 4.08 11.71 11.75 13.73 14.54 19.26 29.32 24.16
FTIR C3H8 [ppm] -1.99 13.85 77.56 101.81 152.46 155.49 229.77 356.97 302.75
FTIR C4H6 [ppm] 0.66 0.64 0.27 -0.03 -1.14 -0.48 -3.88 -7.95 -6.29
FTIR CH4 [ppm] 453.02 469.94 533.53 550.03 637.85 631.18 742.36 971.19 771.44
FTIR CO [ppm] 438.58 1383.85 2799.15 3768.87 4707.88 5295.89 5669.36 5834.25 5420.30
FTIR CO2 [ppm] 5.09E+04 5.06E+04 4.64E+04 4.67E+04 4.54E+04 4.61E+04 4.58E+04 4.29E+04 4.58E+04
FTIR COS [ppm] -0.14 -0.18 -0.08 -0.10 -0.09 -0.14 -0.11 -0.14 -0.16
FTIR ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR H2O [ppm] 6.06E+04 6.98E+04 7.19E+04 7.82E+04 8.29E+04 8.86E+04 9.32E+04 9.30E+04 9.81E+04
FTIR HCD [ppm] 585.72 1457.26 1285.48 1466.26 1867.46 1902.11 2515.93 3638.86 3097.51
FTIR HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCHO [ppm] 22.69 66.42 148.62 172.45 200.19 182.59 230.01 317.75 258.97
FTIR HCN [ppm] -1.14 -0.67 -0.86 -0.53 -0.02 -0.56 -0.88 -0.73 -1.08
FTIR HCOOH [ppm] 1.49 5.92 24.35 32.24 45.44 46.58 61.03 87.36 76.68
FTIR HNCO [ppm] 5.08 5.92 8.00 8.11 10.62 10.94 13.74 18.10 15.84
FTIR IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR MECHO [ppm] 0.99 22.12 122.98 143.45 178.18 161.35 212.11 312.75 246.76
FTIR MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR N2O [ppm] 1.75 1.57 1.17 0.98 0.78 0.58 0.44 0.44 0.51
FTIR NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR NC8 [ppm] 12.46 12.18 14.20 15.52 18.64 17.49 19.83 24.99 21.72
FTIR NH3 [ppm] 0.13 1.15 5.49 7.42 12.69 12.48 17.24 22.17 19.73
FTIR NMHC [ppm] 132.69 259.84 751.93 916.21 1229.60 1270.92 1773.58 2667.67 2326.10
FTIR NO [ppm] 295.49 237.48 187.91 176.99 149.99 144.12 111.58 69.11 89.96
FTIR NO2 [ppm] 99.10 149.21 179.74 184.50 181.97 183.40 179.33 177.50 169.58
FTIR NOX [ppm] 394.59 386.69 367.65 361.48 331.95 327.52 290.89 246.59 259.52
FTIR SO2 [ppm] -1.45 -10.16 -41.21 -56.51 -85.71 -82.49 -113.35 -131.10 -106.44
FTIR THC [ppm] 215.53 565.36 640.34 756.24 1003.32 1004.96 1348.78 1986.39 1674.46
FTIR CO2 EGR [ppm] 481.43 481.76 482.59 483.30 483.37 484.75 485.34 485.28 486.36
FTIR Data - Engine Out
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FTIR AHC [ppm] 4.06 3.33 -13.91 -25.81 -38.58 -47.62 -59.81 -68.17 -86.68
FTIR C2H2 [ppm] -1.50 -0.14 -0.82 -0.88 -0.67 -0.42 0.59 0.29 0.30
FTIR C2H4 [ppm] 0.92 2.11 16.63 23.45 27.59 34.25 40.33 46.87 67.49
FTIR C2H6 [ppm] -0.54 1.09 13.24 16.25 22.45 28.81 35.14 40.70 54.47
FTIR C3H6 [ppm] 0.70 0.68 2.42 2.41 3.02 3.28 3.35 3.05 4.95
FTIR C3H8 [ppm] -5.09 -3.35 7.96 19.08 25.19 33.46 42.72 47.56 61.65
FTIR C4H6 [ppm] 0.30 -0.73 0.20 -0.17 -1.06 -0.50 -1.04 -0.62 -0.80
FTIR CH4 [ppm] 420.66 425.02 435.82 436.66 461.21 516.57 475.53 484.76 557.83
FTIR CO [ppm] 75.45 166.39 376.24 586.35 726.86 791.72 791.26 716.62 792.49
FTIR CO2 [ppm] 5.37E+04 5.57E+04 5.36E+04 5.33E+04 5.44E+04 5.32E+04 5.45E+04 5.57E+04 5.39E+04
FTIR COS [ppm] -0.19 -0.24 -0.20 -0.21 -0.23 -0.25 -0.19 -0.16 -0.32
FTIR ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR H2O [ppm] 6.70E+04 7.79E+04 7.99E+04 8.51E+04 9.33E+04 9.53E+04 1.03E+05 1.07E+05 1.06E+05
FTIR HCD [ppm] 480.55 1251.29 593.66 645.86 719.04 818.33 833.69 878.31 1070.80
FTIR HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCHO [ppm] 5.65 12.53 28.02 36.50 41.88 50.03 56.37 60.16 78.03
FTIR HCN [ppm] -1.48 -1.24 -1.52 -1.77 -1.77 -1.67 -1.45 -1.50 -0.94
FTIR HCOOH [ppm] 0.58 0.71 3.77 6.05 8.27 9.62 11.66 12.33 15.42
FTIR HNCO [ppm] 4.95 6.21 5.40 5.19 6.56 6.07 5.71 5.94 6.84
FTIR IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR MECHO [ppm] 0.03 1.88 35.63 50.96 63.76 81.13 99.22 111.44 140.81
FTIR MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR N2O [ppm] 2.64 2.85 3.07 2.79 2.63 2.73 2.76 2.61 2.54
FTIR NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR NC8 [ppm] 7.53 7.17 6.86 6.71 7.44 6.62 6.78 6.60 6.87
FTIR NH3 [ppm] 0.08 0.10 0.98 1.61 2.21 2.78 3.45 3.73 4.80
FTIR NMHC [ppm] 59.89 69.83 157.82 209.17 257.80 301.73 358.15 393.56 512.99
FTIR NO [ppm] 241.82 293.99 304.83 293.67 298.19 276.07 276.42 273.75 238.87
FTIR NO2 [ppm] 181.41 112.19 96.50 96.40 78.20 60.02 48.66 41.45 36.24
FTIR NOX [ppm] 423.23 406.17 401.32 390.05 376.37 336.07 325.07 315.18 275.09
FTIR SO2 [ppm] -2.86 -3.19 -7.50 -12.58 -15.59 -18.23 -22.51 -24.51 -30.08
FTIR THC [ppm] 167.56 451.97 242.15 283.69 329.90 381.85 407.13 437.26 533.16
FTIR CO2 EGR [ppm] 481.27 481.84 482.41 483.25 484.06 484.33 484.52 485.32 485.81
LGA CO [%] 0.34 7.15 22.64 23.63 23.46 22.58 21.83 20.61 19.34
LGA H2O [%] 0.52 0.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA NO2 [%] 0.00 0.00 0.03 0.04 0.04 0.05 0.06 0.07 0.08
LGA O2 [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA H2 [%] 10.59 33.04 41.68 40.96 41.27 40.20 40.12 39.24 38.36
LGA CO2 [%] 24.37 19.00 4.64 2.96 2.85 3.14 3.11 3.39 3.74
LGA N2 [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA THC [%] 82.14 51.51 43.98 46.12 46.96 50.97 53.15 57.83 61.84
Concentration [mg/m^3] 11.89 9.09 5.19 3.24 2.44 1.89 1.89 1.95 2.22
Vaporizer Current [A] 2.22 5.72 6.35 6.10 5.60 5.46 5.43 5.13 5.55
FTIR Data - DOC Out
LGA Data
MSS Data
Current Data
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Engine Speed [RPM] 1997.29 1997.20 1997.34 1997.31 1997.26 1997.35 1997.21 1997.38 1997.45
Engine Torque [Nm] 150.81 147.89 146.16 149.95 142.48 139.69 148.47 145.72 145.46
Throttle Position [%] 58.22 58.07 56.96 57.10 56.71 56.68 56.58 56.59 56.48
LFE Dp [inH2O] 2.92 2.85 2.80 2.81 2.83 2.83 2.84 2.81 2.82
Compressor Out P [kPa] 14.09 15.20 15.87 16.45 17.15 17.35 18.21 18.05 18.87
Turbine In P (Post DOC) [kPa] 17.44 17.72 17.98 18.25 18.52 18.54 18.91 18.79 19.12
Compressor In P [kPa] 1.45 1.42 1.41 1.41 1.41 1.41 1.41 1.40 1.40
Turbine Out P [kPa] 1.52 1.55 1.57 1.57 1.58 1.57 1.58 1.56 1.57
Oil P [psi] 47.09 46.79 46.81 46.79 46.81 46.85 46.81 46.97 46.83
Cylinder Head T [C] 82.31 82.95 82.91 82.85 82.64 82.61 82.97 83.01 83.14
Fuel In T [C] 61.25 62.97 62.77 62.76 62.88 62.80 62.64 61.13 62.04
Oil Pan T [C] 98.16 100.35 100.97 101.02 101.11 101.10 101.18 100.69 101.11
Intake Air T [C] 26.25 23.85 23.46 23.39 23.28 23.40 23.43 23.09 23.41
Coolant T [C] 81.20 82.05 81.61 81.71 81.45 81.17 81.38 81.57 81.40
Intake Manifold T [C] 29.83 31.31 33.85 34.74 36.11 37.66 39.23 39.73 41.37
Compressor Out T [C] 40.16 36.91 37.47 37.79 38.61 39.24 39.89 39.32 40.46
Aftercooler Out T [C] 19.68 20.90 22.39 22.76 23.13 23.61 24.00 24.52 24.80
Turbine Out T [C] 342.40 352.75 361.85 366.14 372.84 376.06 381.41 376.66 384.17
Exhaust Coil In T [C] 84.52 88.33 89.47 90.43 92.55 93.73 95.80 96.35 98.22
Exhaust Coil Outlet T [C] 281.94 322.95 339.99 346.42 355.42 359.44 362.83 357.06 361.39
Vaporizer Inlet T [C] 24.77 25.43 25.87 25.75 25.36 25.14 24.98 23.53 23.95
Vaporizer Block T [C] 123.88 161.49 165.82 157.95 153.63 150.57 147.65 149.22 148.41
Engine Exhaust T (Pre DOC) [C] 374.93 395.90 399.81 391.70 383.77 385.11 398.76 393.31 407.13
Turbine In T (Post DOC) [C] 380.57 389.84 400.10 406.05 414.49 418.27 429.60 427.10 437.27
Reformer In T [C] 128.60 226.22 272.15 282.09 299.78 310.07 316.10 308.76 320.18
Reformer Out T [C] 219.22 388.33 315.21 311.10 305.00 303.13 305.20 298.97 302.93
Reformer Intake T [C] 22.96 53.93 116.74 127.20 141.48 157.98 167.39 165.90 175.47
Fuel Flow 30s Average [cc/min] 152.07 144.95 132.69 125.38 111.41 105.51 99.34 98.03 87.51
Fuel Flow 1min Average [cc/min] 152.80 143.13 131.00 125.46 110.70 104.61 98.80 96.82 87.31
Fuel Flow 2min Average [cc/min] 151.39 143.31 130.09 125.03 109.57 104.75 99.02 94.98 87.52
Fuel Flow 30s Average [g/s] 0.30 0.69 1.09 1.37 1.74 1.92 2.26 2.46 2.63
Fuel Flow 1min Average [g/s] 0.29 0.71 1.09 1.37 1.74 1.92 2.25 2.45 2.62
Fuel Flow 2min Average [g/s] 0.30 0.72 1.09 1.38 1.74 1.93 2.25 2.42 2.64
Fuel Flow 5min Average [g/s] 0.30 0.73 1.09 1.26 1.61 1.93 2.22 2.30 2.56
Engine Data
Diesel Flow Data
Hydrous Ethanol Flow Data
ISR
1500 RPM, 6 bar
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FTIR AHC [ppm] 4.27 -0.60 -71.77 -89.65 -121.93 -161.52 -169.73 -190.74 -201.66
FTIR C2H2 [ppm] 0.42 0.34 0.96 1.36 2.76 2.31 2.43 3.23 2.93
FTIR C2H4 [ppm] 6.87 18.00 117.39 151.15 197.92 241.13 275.85 266.31 275.13
FTIR C2H6 [ppm] -1.38 3.77 58.02 65.20 77.46 96.73 106.32 101.54 108.66
FTIR C3H6 [ppm] 2.45 4.08 11.93 12.50 13.48 15.36 15.52 14.15 14.15
FTIR C3H8 [ppm] -0.81 5.29 58.68 71.34 93.44 120.54 128.09 140.28 149.84
FTIR C4H6 [ppm] 0.96 0.64 1.35 0.89 0.24 0.24 0.22 -0.40 0.03
FTIR CH4 [ppm] 361.14 388.62 424.47 449.62 486.21 520.86 532.08 449.49 435.11
FTIR CO [ppm] 503.63 1038.83 2129.17 2641.02 3390.35 3677.79 4429.50 4733.12 4989.18
FTIR CO2 [ppm] 5.56E+04 5.78E+04 5.43E+04 5.37E+04 5.30E+04 5.14E+04 5.24E+04 5.26E+04 5.29E+04
FTIR COS [ppm] -0.16 -0.14 -0.11 -0.08 -0.16 -0.10 -0.16 -0.12 -0.16
FTIR ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR H2O [ppm] 5.64E+04 6.39E+04 6.69E+04 7.01E+04 7.41E+04 7.42E+04 7.99E+04 8.26E+04 8.55E+04
FTIR HCD [ppm] 478.04 1009.54 1082.94 1239.50 1469.79 1720.56 1835.27 1765.91 1804.58
FTIR HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCHO [ppm] 21.16 43.92 112.91 138.23 165.44 188.24 183.75 168.73 161.20
FTIR HCN [ppm] -1.06 -0.94 -0.67 -0.77 -0.61 -0.82 -0.66 -0.60 -0.69
FTIR HCOOH [ppm] 1.63 3.61 17.46 22.93 31.15 40.34 44.28 46.55 48.04
FTIR HNCO [ppm] 6.04 7.19 7.85 8.26 9.31 8.62 8.25 10.85 10.57
FTIR IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR MECHO [ppm] 0.04 6.74 86.36 103.44 122.71 144.32 133.95 130.87 127.36
FTIR MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR N2O [ppm] 1.76 1.68 1.41 1.29 1.13 1.00 0.86 0.80 0.67
FTIR NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR NC8 [ppm] 10.02 9.27 9.39 10.29 10.65 11.16 10.32 11.10 10.41
FTIR NH3 [ppm] 0.06 0.33 3.85 4.49 5.90 7.97 7.92 9.50 9.85
FTIR NMHC [ppm] 116.90 165.00 658.45 789.85 983.57 1199.68 1303.19 1316.43 1369.48
FTIR NO [ppm] 289.92 249.29 197.13 183.82 164.40 137.38 129.81 133.94 130.68
FTIR NO2 [ppm] 90.41 122.86 167.98 169.77 177.75 187.70 187.89 185.69 185.31
FTIR NOX [ppm] 380.33 372.14 365.10 353.58 342.14 325.07 317.70 319.63 315.98
FTIR SO2 [ppm] -0.94 -4.47 -24.55 -30.25 -41.25 -55.70 -57.46 -63.33 -65.91
FTIR THC [ppm] 185.23 391.20 517.81 602.90 724.13 854.11 904.17 895.15 918.39
FTIR CO2 EGR [ppm] 1436.09 1420.48 1394.32 1385.99 1377.88 1367.16 1358.09 1338.06 1332.48
FTIR Data - Engine Out
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FTIR AHC [ppm] 3.23 2.59 -9.59 -11.53 -21.71 -26.11 -29.22 -35.18 -39.75
FTIR C2H2 [ppm] -1.64 -1.27 -1.51 0.42 -1.41 -1.55 -0.94 -0.46 -1.03
FTIR C2H4 [ppm] 1.77 2.32 17.19 21.45 31.41 38.58 40.39 46.39 54.13
FTIR C2H6 [ppm] -0.28 0.85 17.09 16.90 23.93 27.83 27.22 26.27 30.57
FTIR C3H6 [ppm] 1.76 0.92 2.32 3.64 3.50 3.45 3.43 2.99 3.68
FTIR C3H8 [ppm] -1.75 -2.28 7.30 11.60 18.54 21.40 23.56 28.44 33.46
FTIR C4H6 [ppm] 0.87 0.74 0.47 0.26 0.15 0.37 0.73 0.36 0.78
FTIR CH4 [ppm] 352.46 353.98 355.37 354.92 424.98 449.77 402.24 370.94 390.39
FTIR CO [ppm] 68.85 117.92 262.06 336.24 453.91 503.98 586.52 670.19 725.38
FTIR CO2 [ppm] 5.45E+04 5.25E+04 5.26E+04 5.33E+04 5.14E+04 5.09E+04 5.26E+04 5.35E+04 5.25E+04
FTIR COS [ppm] -0.17 -0.19 -0.13 -0.17 -0.10 -0.18 -0.21 -0.16 -0.05
FTIR ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR H2O [ppm] 5.65E+04 6.06E+04 6.57E+04 6.97E+04 7.22E+04 7.35E+04 7.87E+04 8.04E+04 8.28E+04
FTIR HCD [ppm] 378.81 862.21 468.34 498.69 620.19 670.96 635.36 632.66 688.71
FTIR HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCHO [ppm] 5.02 8.90 22.88 28.23 37.45 41.87 39.80 43.87 48.10
FTIR HCN [ppm] -2.14 -2.15 -1.71 -1.57 -1.30 -1.60 -1.77 -1.56 -1.28
FTIR HCOOH [ppm] 1.00 0.99 3.14 3.95 5.73 6.95 7.34 8.57 9.55
FTIR HNCO [ppm] 7.60 9.29 5.23 6.76 6.55 7.19 6.60 6.26 5.64
FTIR IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR MECHO [ppm] -0.71 -0.39 26.84 33.99 47.07 52.51 51.47 58.18 65.63
FTIR MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR N2O [ppm] 2.46 2.61 2.95 2.88 2.76 2.82 2.75 2.76 2.79
FTIR NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR NC8 [ppm] 2.66 2.07 1.86 2.05 2.12 1.69 1.88 2.30 1.96
FTIR NH3 [ppm] 0.05 0.02 0.52 0.73 1.12 1.36 1.44 1.82 2.01
FTIR NMHC [ppm] 26.36 20.36 112.96 143.74 195.18 221.16 233.10 261.74 298.36
FTIR NO [ppm] 283.89 289.93 298.23 301.48 282.17 271.85 279.45 266.30 255.98
FTIR NO2 [ppm] 113.28 82.05 72.85 70.38 62.40 57.90 52.65 58.78 51.12
FTIR NOX [ppm] 397.17 371.98 371.07 371.85 344.56 329.74 332.08 325.07 307.08
FTIR SO2 [ppm] -2.57 -2.29 -5.65 -7.29 -9.64 -9.52 -10.92 -13.54 -14.50
FTIR THC [ppm] 135.89 318.70 193.67 208.76 270.92 295.83 284.93 293.10 320.05
FTIR CO2 EGR [ppm] 1439.74 1423.95 1396.03 1389.46 1381.62 1370.26 1361.35 1340.09 1335.02
LGA CO [%] 0.93 6.72 21.38 21.25 20.47 18.45 18.43 17.19 16.34
LGA H2O [%] 0.52 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA NO2 [%] 0.00 0.00 0.05 0.05 0.06 0.07 0.08 0.09 0.10
LGA O2 [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA H2 [%] 14.51 32.75 40.34 39.92 39.39 36.41 36.98 36.96 35.43
LGA CO2 [%] 23.60 19.23 4.54 3.99 3.55 3.52 3.46 3.26 3.56
LGA N2 [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA THC [%] 77.21 52.65 48.61 50.61 53.21 58.82 63.55 66.84 70.78
Concentration [mg/m^3] 10.65 9.75 7.96 6.99 4.53 3.72 3.98 2.93 2.54
Vaporizer Current [A] 2.37 5.44 6.97 6.61 6.22 6.50 5.90 6.71 5.98
MSS Data
Current Data
FTIR Data - DOC Out
LGA Data
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Engine Speed [RPM] 1997.27 1997.32 1997.39 1997.55 1997.35 1997.31 1997.27 1997.46 1997.46
Engine Torque [Nm] 217.24 221.41 215.18 214.76 217.47 214.64 211.44 221.22 221.29
Throttle Position [%] 58.19 58.31 58.01 57.93 57.73 57.46 57.30 57.17 56.90
LFE Dp [inH2O] 3.05 3.00 2.99 2.96 2.92 2.88 2.82 2.79 2.73
Compressor Out P [kPa] 22.84 23.46 23.64 23.69 23.95 23.11 21.79 21.19 20.23
Turbine In P (Post DOC) [kPa] 22.23 22.40 22.34 22.19 22.10 21.37 20.50 20.00 19.30
Compressor In P [kPa] 1.54 1.54 1.53 1.51 1.49 1.45 1.41 1.38 1.35
Turbine Out P [kPa] 2.00 2.01 2.00 1.95 1.93 1.83 1.72 1.65 1.57
Oil P [psi] 45.68 45.68 45.67 45.72 45.68 45.72 45.84 45.81 45.74
Cylinder Head T [C] 83.47 83.45 83.39 83.24 83.43 83.40 83.04 83.22 83.12
Fuel In T [C] 67.69 67.83 68.61 68.73 67.86 66.64 66.19 66.86 67.45
Oil Pan T [C] 103.72 103.55 103.52 103.58 103.54 103.46 103.45 103.52 103.75
Intake Air T [C] 23.30 23.42 23.68 24.01 23.74 23.35 23.19 23.15 23.53
Coolant T [C] 81.51 81.45 81.30 81.21 81.31 81.67 81.66 81.77 81.58
Intake Manifold T [C] 35.79 36.15 36.70 39.03 41.12 43.88 45.38 47.16 48.93
Compressor Out T [C] 44.13 44.65 44.94 45.23 44.32 42.69 40.57 40.41 40.20
Aftercooler Out T [C] 26.66 26.84 27.07 27.70 27.93 28.12 27.74 27.99 28.10
Turbine Out T [C] 439.55 445.52 448.69 451.16 455.13 449.23 431.11 423.14 409.44
Exhaust Coil In T [C] 87.71 89.44 92.25 92.29 93.92 96.65 98.39 100.53 102.12
Exhaust Coil Outlet T [C] 356.87 401.44 416.23 426.74 433.12 428.70 408.89 396.29 373.20
Vaporizer Inlet T [C] 22.77 23.21 23.56 24.17 24.26 23.76 23.42 23.42 23.47
Vaporizer Block T [C] 124.01 157.78 159.04 155.61 154.58 152.33 149.86 149.67 149.14
Engine Exhaust T (Pre DOC) [C] 505.34 515.40 510.89 503.64 508.26 501.13 483.92 489.02 483.58
Turbine In T (Post DOC) [C] 494.56 501.36 503.51 505.80 512.24 507.17 488.95 484.38 473.83
Reformer In T [C] 195.05 250.85 300.75 349.10 365.69 374.61 362.79 355.52 341.29
Reformer Out T [C] 297.61 437.28 468.58 428.76 401.76 368.44 346.00 335.97 328.45
Reformer Intake T [C] 46.54 48.35 54.05 134.80 169.17 194.08 205.02 209.46 212.68
Fuel Flow 30s Average [cc/min] 214.79 209.70 190.95 179.05 172.30 150.13 133.87 125.90 115.44
Fuel Flow 1min Average [cc/min] 212.21 209.57 191.43 178.62 174.31 148.80 135.41 125.26 114.77
Fuel Flow 2min Average [cc/min] 212.49 205.14 193.47 179.02 172.64 153.51 134.46 123.88 112.15
Fuel Flow 30s Average [g/s] 0.19 0.53 0.93 1.33 1.66 2.16 2.51 2.79 3.14
Fuel Flow 1min Average [g/s] 0.19 0.52 0.94 1.32 1.66 2.15 2.50 2.81 3.12
Fuel Flow 2min Average [g/s] 0.18 0.54 0.94 1.32 1.66 2.15 2.50 2.79 3.12
Fuel Flow 5min Average [g/s] 0.20 0.56 0.76 1.30 1.56 2.09 2.50 2.79 3.03
Hydrous Ethanol Flow Data
Diesel Flow Data
Engine Data
ISR
2000 RPM, 6 bar
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FTIR AHC [ppm] 2.82 2.86 2.08 -8.68 -11.35 -16.86 -25.30 -30.72 -43.92
FTIR C2H2 [ppm] 0.52 -0.04 0.38 1.14 0.82 1.88 1.61 1.19 1.01
FTIR C2H4 [ppm] 5.42 5.86 9.85 75.90 121.04 135.44 116.61 100.37 96.07
FTIR C2H6 [ppm] -0.64 -0.48 0.60 23.19 27.93 23.55 19.69 18.70 21.33
FTIR C3H6 [ppm] 2.54 2.97 2.70 5.76 6.87 5.99 5.65 4.60 4.19
FTIR C3H8 [ppm] -1.82 -1.50 0.15 9.60 11.20 15.26 20.56 23.62 32.89
FTIR C4H6 [ppm] 0.76 0.35 0.51 0.97 1.16 1.14 0.96 0.88 0.52
FTIR CH4 [ppm] 98.80 323.50 643.59 367.56 256.25 168.44 116.67 82.32 72.81
FTIR CO [ppm] 375.18 684.12 1104.37 1715.73 2248.61 3040.18 3201.47 2471.91 1879.03
FTIR CO2 [ppm] 7.24E+04 7.10E+04 6.94E+04 7.09E+04 7.03E+04 6.80E+04 6.69E+04 6.81E+04 6.75E+04
FTIR COS [ppm] -0.18 -0.20 -0.26 -0.18 -0.21 -0.24 -0.24 -0.24 -0.32
FTIR ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR H2O [ppm] 7.08E+04 7.44E+04 7.74E+04 8.43E+04 8.81E+04 9.29E+04 9.67E+04 1.01E+05 1.03E+05
FTIR HCD [ppm] 173.96 395.92 730.97 662.71 655.65 599.27 523.82 459.68 476.85
FTIR HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCHO [ppm] 9.01 19.31 33.05 55.79 63.10 60.62 51.52 45.81 49.32
FTIR HCN [ppm] -0.62 -1.04 -1.06 -0.46 -0.62 -0.27 -0.39 -0.36 -0.87
FTIR HCOOH [ppm] 0.91 1.30 2.04 5.78 7.70 9.52 9.95 9.18 11.10
FTIR HNCO [ppm] 7.14 6.63 6.49 7.27 7.79 6.99 6.20 6.59 6.74
FTIR IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR MECHO [ppm] -0.52 -1.20 -0.82 18.71 23.19 25.06 28.51 30.25 37.90
FTIR MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR N2O [ppm] 1.70 1.76 1.70 1.55 1.40 1.17 1.09 1.30 1.28
FTIR NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR NC8 [ppm] 6.24 5.73 5.72 4.86 4.56 4.53 5.27 5.22 5.60
FTIR NH3 [ppm] 0.01 -0.01 0.07 0.48 0.59 0.79 1.05 1.31 1.98
FTIR NMHC [ppm] 75.17 72.42 87.38 295.15 399.41 430.84 407.16 377.37 404.05
FTIR NO [ppm] 384.46 342.51 306.35 289.69 278.42 273.14 286.86 332.80 371.02
FTIR NO2 [ppm] 61.16 86.20 98.19 116.00 121.16 127.06 129.63 114.93 107.84
FTIR NOX [ppm] 445.60 428.68 404.52 405.67 399.55 400.17 416.46 447.69 478.83
FTIR SO2 [ppm] -2.99 -3.44 -3.92 -3.15 -3.81 -4.08 -6.42 -8.74 -13.47
FTIR THC [ppm] 67.14 150.75 275.58 265.81 265.45 247.49 227.73 213.56 234.02
FTIR CO2 EGR [ppm] 1291.51 1281.96 1276.04 1264.87 1259.22 1251.44 1242.27 1234.49 1228.58
FTIR Data - Engine Out
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FTIR AHC [ppm] -0.63 2.28 3.37 0.57 -1.56 -0.38 -3.16 -7.13 -9.06
FTIR C2H2 [ppm] -1.69 -0.85 -0.61 -1.55 -0.31 -0.72 -1.62 -1.24 -1.63
FTIR C2H4 [ppm] 1.44 1.36 2.11 10.54 17.52 23.14 23.94 20.16 20.50
FTIR C2H6 [ppm] 1.28 0.36 0.18 5.19 6.85 5.75 4.90 4.44 5.61
FTIR C3H6 [ppm] 1.54 1.61 1.85 2.31 2.56 2.86 3.29 2.51 2.35
FTIR C3H8 [ppm] -3.97 -2.04 -1.67 -1.06 -2.42 1.07 1.43 -0.02 2.33
FTIR C4H6 [ppm] 0.66 0.70 0.53 0.18 0.25 0.61 0.05 0.13 -0.44
FTIR CH4 [ppm] 73.68 189.64 340.53 250.47 167.13 115.20 100.82 72.61 69.95
FTIR CO [ppm] 51.81 85.08 125.13 199.63 273.62 389.90 465.93 384.66 304.37
FTIR CO2 [ppm] 7.11E+04 7.31E+04 7.33E+04 7.20E+04 7.28E+04 7.14E+04 7.01E+04 7.18E+04 7.10E+04
FTIR COS [ppm] -0.15 -0.27 -0.13 -0.16 -0.25 -0.16 -0.17 -0.24 -0.27
FTIR ETOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR H2O [ppm] 6.84E+04 7.35E+04 7.71E+04 8.13E+04 8.58E+04 9.03E+04 9.30E+04 9.92E+04 1.02E+05
FTIR HCD [ppm] 75.73 195.45 351.44 286.14 222.43 185.20 172.73 133.15 140.35
FTIR HCE [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR HCHO [ppm] 1.90 3.96 6.09 11.73 13.67 14.10 15.13 12.82 13.83
FTIR HCN [ppm] -2.15 -1.66 -1.73 -1.32 -1.53 -1.75 -1.96 -1.88 -1.81
FTIR HCOOH [ppm] 0.39 0.50 0.74 0.90 1.16 1.21 1.67 1.77 2.17
FTIR HNCO [ppm] 7.14 7.78 6.31 7.00 7.15 7.26 7.80 8.00 7.01
FTIR IC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR MECHO [ppm] -1.22 -0.93 -0.14 2.96 4.99 8.31 9.91 11.15 13.87
FTIR MEOH [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR N2O [ppm] 2.23 2.31 2.58 2.56 2.60 2.52 2.67 2.58 2.54
FTIR NC5 [ppm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FTIR NC8 [ppm] 0.73 0.54 0.70 0.36 0.68 0.19 0.33 0.64 0.74
FTIR NH3 [ppm] 0.06 -0.08 -0.08 0.02 -0.04 0.09 0.12 0.09 0.19
FTIR NMHC [ppm] 2.06 5.83 10.92 35.68 55.32 70.02 71.93 60.56 70.40
FTIR NO [ppm] 406.03 405.67 389.87 381.71 379.28 379.51 380.39 409.49 436.72
FTIR NO2 [ppm] 35.22 29.62 29.09 25.69 26.09 29.07 37.63 42.20 51.24
FTIR NOX [ppm] 441.22 435.26 418.93 407.37 405.34 408.54 417.97 451.64 487.91
FTIR SO2 [ppm] -4.30 -3.87 -4.95 -3.90 -3.86 -5.17 -4.81 -5.23 -6.41
FTIR THC [ppm] 24.72 67.83 125.20 104.04 80.93 67.55 67.23 55.01 60.77
FTIR CO2 EGR [ppm] 1289.35 1279.73 1273.69 1263.19 1257.11 1249.65 1240.18 1232.66 1227.03
LGA CO [%] 8.84 11.43 10.38 15.51 15.87 13.91 11.79 10.71 10.32
LGA H2O [%] 0.50 0.54 0.55 0.12 0.00 0.00 0.00 0.00 0.00
LGA NO2 [%] 0.00 0.00 0.00 0.02 0.04 0.10 0.14 0.16 0.16
LGA O2 [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA H2 [%] 33.73 39.93 41.84 42.37 42.71 40.60 35.60 33.35 33.06
LGA CO2 [%] 17.31 15.45 16.31 11.39 9.30 7.37 5.46 4.73 4.44
LGA N2 [%] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LGA THC [%] 50.69 42.11 39.89 42.14 48.15 61.97 70.10 73.78 76.42
Concentration [mg/m^3] 15.14 16.58 16.32 17.08 17.43 13.58 10.17 9.26 6.56
Vaporizer Current [A] 1.83 4.23 6.75 7.09 6.29 6.31 6.16 5.90 5.99
Current Data
MSS Data
LGA Data
FTIR Data - DOC Out
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Engine Speed [RPM] 1498.20 1997.33 1997.22
Engine Torque [Nm] 146.40 145.98 218.59
Throttle Position [%] 35.73 57.63 58.44
LFE Dp [inH2O] 2.00 2.78 2.91
Compressor Out P [kPa] 18.24 31.46 37.97
Turbine In P (Post DOC) [kPa] 8.50 16.20 19.25
Compressor In P [kPa] 0.82 1.37 1.46
Turbine Out P [kPa] 0.76 1.43 1.70
Oil P [psi] 40.19 47.71 46.39
Cylinder Head T [C] 82.30 83.33 84.17
Fuel In T [C] 52.15 56.42 61.91
Oil Pan T [C] 94.85 98.13 101.73
Intake Air T [C] 23.43 23.44 23.72
Coolant T [C] 81.71 82.66 82.66
Intake Manifold T [C] 36.49 36.37 37.46
Compressor Out T [C] 26.96 33.25 39.41
Aftercooler Out T [C] 26.98 27.79 28.78
Turbine Out T [C] 308.46 336.48 431.64
HE1 T [C] 47.50 48.02 48.73
HE2 T [C] 43.64 45.60 47.19
Exhaust Coil In T [C] 36.66 34.46 33.82
Exhaust Coil Outlet T [C] 72.03 68.26 69.80
Vaporizer Inlet T [C] 22.66 22.53 22.50
Vaporizer Block T [C] 88.58 81.42 75.09
Engine Exhaust T (Pre DOC) [C] 349.57 392.28 530.91
Turbine In T (Post DOC) [C] 342.37 377.69 494.68
Reformer In T [C] 194.61 196.87 211.64
Reformer Out T [C] 124.60 115.19 121.08
Reformer Intake T [C] 43.77 37.03 32.58
Fuel Flow 30s Average [cc/min] 111.11 150.20 218.85
Fuel Flow 1min Average [cc/min] 111.92 151.18 218.80
Fuel Flow 2min Average [cc/min] 111.80 153.25 217.67
CDC
Engine Data
Diesel Flow Data
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FTIR AHC [ppm] 1.69 1.55 0.89
FTIR C2H2 [ppm] 1.24 1.68 1.35
FTIR C2H4 [ppm] 3.72 5.65 5.83
FTIR C2H6 [ppm] -1.16 -1.01 -0.25
FTIR C3H6 [ppm] 1.33 2.07 2.20
FTIR C3H8 [ppm] -0.24 -0.14 -0.66
FTIR C4H6 [ppm] 0.55 0.63 0.85
FTIR CH4 [ppm] 2.73 2.58 1.89
FTIR CO [ppm] 222.48 330.77 307.53
FTIR CO2 [ppm] 54218.24 57462.07 74736.37
FTIR COS [ppm] -0.04 -0.06 -0.04
FTIR ETOH [ppm] 0.00 0.00 0.00
FTIR H2O [ppm] 54110.73 57161.43 73099.82
FTIR HCD [ppm] 81.03 90.04 61.64
FTIR HCE [ppm] 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00
FTIR HCHO [ppm] 4.29 6.11 4.79
FTIR HCN [ppm] 0.42 0.33 0.52
FTIR HCOOH [ppm] 0.70 0.91 0.55
FTIR HNCO [ppm] 2.43 2.68 2.59
FTIR IC5 [ppm] 0.00 0.00 0.00
FTIR MECHO [ppm] 0.37 1.06 0.78
FTIR MEOH [ppm] 0.00 0.00 0.00
FTIR N2O [ppm] 0.77 0.84 0.88
FTIR NC5 [ppm] 0.00 0.00 0.00
FTIR NC8 [ppm] 6.74 6.90 4.13
FTIR NH3 [ppm] -0.04 -0.04 0.00
FTIR NMHC [ppm] 78.28 87.45 59.74
FTIR NO [ppm] 360.45 377.49 453.63
FTIR NO2 [ppm] 68.49 37.05 16.11
FTIR NOX [ppm] 428.95 414.53 469.73
FTIR SO2 [ppm] -0.47 -0.11 -0.03
FTIR THC [ppm] 32.57 40.50 28.57
FTIR O2 [ppm] 133540.74 128518.56 102804.59
FTIR CO2 EGR [ppm] 816.09 813.29 810.87
FTIR Data - Engine Out
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FTIR AHC [ppm] -0.02 -0.22 -0.13
FTIR C2H2 [ppm] 0.10 0.10 0.24
FTIR C2H4 [ppm] 1.22 1.43 1.39
FTIR C3H6 [ppm] 0.64 0.57 0.79
FTIR C3H8 [ppm] -1.13 -1.25 -1.18
FTIR C4H6 [ppm] 0.56 0.50 0.35
FTIR CH4 [ppm] 3.11 2.78 1.30
FTIR CO [ppm] 51.32 56.91 46.12
FTIR CO2 [ppm] 5.63E+04 5.74E+04 7.70E+04
FTIR COS [ppm] -0.05 -0.04 -0.06
FTIR ETOH [ppm] 0.00 0.00 0.00
FTIR H2O [ppm] 5.54E+04 5.66E+04 7.48E+04
FTIR HCD [ppm] 24.92 22.97 14.94
FTIR HCE [ppm] 0.00 0.00 0.00
FTIR HCG [ppm] 0.00 0.00 0.00
FTIR HCHO [ppm] 1.61 1.84 1.63
FTIR HCN [ppm] 0.45 0.39 0.42
FTIR HCOOH [ppm] 0.28 0.22 0.15
FTIR HNCO [ppm] 2.41 2.56 2.04
FTIR IC5 [ppm] 0.00 0.00 0.00
FTIR MECHO [ppm] -1.80 -1.21 -0.26
FTIR MEOH [ppm] 0.00 0.00 0.00
FTIR N2O [ppm] 0.94 1.01 1.01
FTIR NC5 [ppm] 0.00 0.00 0.00
FTIR NC8 [ppm] 2.08 1.91 1.09
FTIR NH3 [ppm] -0.02 -0.03 0.00
FTIR NMHC [ppm] 21.80 20.17 13.62
FTIR NO [ppm] 253.38 296.43 467.29
FTIR NO2 [ppm] 203.57 140.54 30.33
FTIR NOX [ppm] 456.95 436.97 497.61
FTIR SO2 [ppm] -1.39 -1.28 -0.93
FTIR THC [ppm] 7.07 6.97 3.09
FTIR O2 [ppm] 1.31E+05 1.29E+05 1.00E+05
FTIR CO2 EGR [ppm] 816.40 813.75 811.15
Concentration [mg/m^3] 11.46 10.42 18.68
MSS Data
FTIR Data - DOC Out
